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I-l. INTRODUCTION 


A study of ultrasonic waves in materials must of necessity include 
phonon interactions with solids. In certain materials, the strongest 
interaction affecting ultrasonic properties is lattice-charge carrier 
coupling. This, for example, occurs in piezoelectric non- insulating 
solids such as CdS and GaAs. Since these materials are also photo- 
conductive, the magnitude of the lattice- charge carrier interaction may 
he modulated with external illumination. This provides an effective 
means of varying the ultrasonic properties of a sample. In this study, 
these effects have been utilized to investigate both phonon-charge 
carrier interactions as well as ultrasonic resonators themselves. Results 
of this research have verified sensitivity enhancement factors predicted 
by one-dimensional resonator theory and have led to the development of 
several sensitive ultrasonic experimental techniques, one of which was 
selected by Industrial Research magazine for the IR-100 award in 197^* 

In addition, measurements are reported of an anomalous sign reversal of 
the acoustoelectric voltage in a CdS resonator. Applications of CdS as 
an ultrasonic power detector are described. 

In section 1-2 ultrasonic resonators are analyzed using one- 
dimensional theory^. The results of this analysis predict conditions 
for optimum sensitivity to changes in ultrasonic par^eters. Sensitivity 
enhancement factors^ are derived and related to changes in absorption 
and dispersion for several experimental techniques. A technique is 
described for obtaining pure absorption or dispersion signals by using 
zero crossings in the sensitivity enhancement factors. The one— 
dimensional resonator theory can be verified by producing pure 
absorption or pure dispersion physical changes in the resonator. These 
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conditions are nearly achieved with the ultrasonic calibrator (section 
XII— 2 ) which makes use of phonon— charge carrier interactions in CdS. 
Experimental measurements obtained with the calibrator verify sensitivity 
enhancement factors predicted by theory. 

Section II describes in detail two new experimental instruments. 

One of these is a refinement of a spectrometer described in reference 5> 
while the other is a new system co-developed by this author and other 
researchers at Washington University . The first instrument is a 
hybrid of pulse echo (PE) and continuous wave (CW) systems and is 
called a sampled CW spectrometer (SCW). It not only combines attributes 
of PE and CW spectrometers, but also eliminates some of their dis- 
advantages. By its very nature, PE systems cannot produce monochromatic 
phonons and therefore measurements using such a system can lead to 
inhomogeneous broadening*^ of narrow resonant phenomena. CW spectrometers 
suffer from "crosstalk" (electrical leakage around the sample) which can 
be serious for thin lossy materials. The SCW, however, produces as 
monochromatic a phonon as desired and without "crosstalk" interference. 

second instrument described is a transmission oscillator 
ultrasonic spectrometer (TOUS) . This device exhibits high sensitivity 
because it utilizes maximtim sensitivity enhancement as well as marginal 
oscillation. In spite of its high sensitivity, the TOUS system is 
relatively simple, compact, and inexpensive. A concept is examined 
using this technique for the detection of particiLlate and gaseous 
aglomerations present in flowing fluids. This concept led to the 
development of an ultrasonic device which monitors microemboli in blood 
during heart-lung bypass surgery. One component of this system is an 

g 

amplitude regulator^ used to maintain stable marginal oscillations. 
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Tests of the regulator demonstrate that it also can. be used with RT 
signal generators to reduce spurious amplitude modulations by two orders 
of magnitude (to less than 10 microvolts AM), 

Section III presents details of the phonon-charge carrier inter- 
action in CdS with applications for ultrasonic calibration and ultra- 
sonic power (nonphase sensitive) detection. In III— 1 the theory of 
Hutson and White^ is examined and relationships between absorption, 
dispersion, and conductivity presented. The effects of sensitizing 
centers is discussed and shown to produce an effective error in 
absorption and dispersion measurements. 

Section III-2 describes an ultrasonxc calibration device 
based on photogenerated charge carriers in piezoelectric crystals. 

Unlike previous calibration techniques, this system utilizes real 
physical changes in absorption and dispersion. Therefore, this system 
produces not only typical insertion loss calibratidhs but also time 
domain decay and frequency domain linewidth calibrations. In addition, 
the sensitivity enhancement factors and background attenuation are 
adjustable to those of the sample being calibrated. Thus, an ultrasonic 

experiment can be evaluated and optimized for a particular sample. 

-5 -1 

Figures are presented of absorption changes down to 10 cm, and 

-1 

phase velocity changes to less than 10 cm/sec. 

In section III-3, the thoery of the acoustoelectric effect is applied 
to a CdS resonator. The effect nhotogenerated carriers play in the 
acoustoelectric voltage is examined. Non-uniform charge-carrier 

density is experimentally shown to produce an anomolous sign reversal 
in an acoustoelectric resonator. A model is developed using non-uniform 
charge carrier density to optimize the amplitude of the acoustoelectric 



volt;age« Since “tlie generated voltage is proportional to the incident 

12 

acoustic flux, the effect can he used as a sensor of ultrasonic power . 
This concept is- examined for parallel and nonparallel quartz samples 
using PE and SCW spectrometers. The benefit of non— phase sensitive 
detectors such as this power detector is the absence of phase modulation 
effects. Experimental data demonstrate superior signal characteristics 
for the power detector when compared to conventional piezoelectric 


; systems . 
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1-2. RESONATOR THEORY, SENSITIVITY ENHANCEMENT FACTORS 

1-2-1. BACKGROUND 

The field of Ultrasonics is taking a prominent role in applied 
technology measurements. What vere state of the art material physics 
laboratory measurements of thirty years ago can be carried out today 
with off the shelf equipment. For example, the pulse echo techniques 
developed in the 19^0^ s ^ for the study of solids and organic 

liquids are in use today in rural communities for measuring fat on 

“I ^ 

livestock . The rapid introduction of sophisticated laboratory 
equipment into the public sector has led to the development of many 
types of ultrasonic measurement systems. 

One class of Ultrasonic measurements is the Continuous Wave (CW) 
resonant technique This method has. the distinction of being 

able to generate monochromatic phonons. In addition, both in-phase 

(absorption) and quadrative (dispersion) measurements are possible at 
the same time^°. One critical part of the CW resonant technique is 
the resonator itself. Specifically, resonators are widely used to 
improve the sensitivity of measurements to changes in absorption and 
dispersion in acoustic material. This is especially true in the field 
of solid state physics where changes in parameters of one part in 10 
can be significant. These changes are due to many different inter- 
actions in a specimen, for example nuclear acoustic resonance (NAR), 
Alpher-Rubin effect, phonon coupling to the charge carrier system, 
acoustic paramagnetic resonance (APR), and many others. Even though 
there exists a variety of physical interactions producing these changes. 
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the role of the resonator in each case is the same« It is therefore 
important to have a theoretical understanding and experimental verifi- 
cation on the role resonators play in ultrasonic signal enhancement. 

In this section are presented experimental curves of the sensitivity 

enhancement line shapes. These line shapes are predicted from a 
theoretical analysis following a model described in references 2, 3, 4 and 

17 , The experimental procedure used in obtaining these measurements 
involves ultrasonic coupling to light-induced charge carriers in CdS 
'(See section III). In this procedure, light incident on the CdS changes 
its conductivity which leads to changes in the material's ultrasonic 
properties. These effects are used to separate the absorptive and 
dispersive effects. 

I~2“2. THEORY FOR OWE-DIMEN SIGNAL ULTRASONIC RESONATOR 

The model used for this study is an idealized one-dimensional 
acoustic resonator, shown in figure 1» This model consists of a 
cylindrical resonator of length a/2 with flat and parallel faces, 
one of which (x = O) is driven by a cosujt disturbance. This disturbance 
results in a damped traveling acoustic wave exp(-ax)cos(ujt - lac) 
propagating in the material. In this equation, the characteristic 
attenuation per unit length is expressed by a, and the acoustic wave 
number is expressed by k = where v is the acoustic phase 

velocity. 

By assuming perfect reflection at the x = 0 and x = a/2 face, 
the particle velocity amplitude A at x = 0 is fo\ind by the super- 
position of all the partial waves present at x = 0, As shown in 
reference 2, the complex particle velocity amplitude at x = 0 is: 
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A (t) = + [exp(-aa + ilea)] + exp [-2(oa + ika)] + . . .} 


For the case of a >0 this hecomes 


(l-l) 


A (t) = e^^^/[l - exp - (oa + ika)] 


( 1 - 2 ) 


and the real particle velocity becomes 


A = Ee A = A^coswT + A^sinwT 


(1-3) 


vhere 


A^ = (e°^^ - coska)/2(coshota - coska) 


il-k) 


A^ = Sinka/2(coshaa' - coska) 


( 1 - 5 ) 


Note in equation 1-3 that the A^ term is in-phase with the coswt 
driving disturbance while the term is advanced by 90°. The particle 
velocity response as a function of frequency consists of a series of 
standing wave or mechanical resonances whose frequencies correspond to 
the condition that the length l/2a of the crystal be equal to an integral 
number of half -wavelengths of ultrasound. 

Using a phase- sensitive or bridge- type detection scheme one may 
measure either the in-phase (A^) or out-of-phase (A^) component of the 
response. With linear diode detection, one obtains only the magnitude 
|a| = (A^ + where 


|a] = exp(aa/2)/»^coshaa - coska) 


1/2 


( 1 - 6 ) 
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If one uses a bolometer or some other power-sensitive detector (e.g. , 

a diode operated in the square-law region), the appropriate quantity 
2 

is |a[ as shown in reference 21, 

If the normal assumption is made that aa«l and that measurements 
are made near a mechanical resonance, equations 1-3, and 1-5 take 

the simplified form: 


2. ' v2,l/2 

+ a (k - k ) :] 
m 


(I-T) 


A-, ^ o 0 

^ (crn)^ + (k - k ) a 
m 


(k - k )a 

(aa)^ + (k - It. 

m 


(1-9) 


t ^ - ry\ 

where k = — = and O) = related to the mth mechanical 

m V m a 

resonance.'^ Although these simplified equations are valid for many 
situations, for completeness, we continue with the more exact form as 


well as the simplified form. 

Experimentally, one frequently selects a particular mechanical 
resonance and monitors the response at a fixed frequency on that 
resonance as a function of small changes in acoustic attenuation 
(absorption) and phase velocity (dispersion). Under these conditions, 
and for sufficiently small changes Aa and Ak in the acoustic 
properties, the corresponding changes in the response are given approx- 



(I-IO) 
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3A 3A 

“a" 


(l-ll) 


vhere 


3a 


3A 


2 a 1 ^ coshaacoska 


9k 


^ (coshaa - coska) » 


(1-12) 




a sinhaasinka 


^ (coshaa - coska)‘ 


(1-13) 


and 


A A = 


. JllAj 
3a 


Aa 




(I-14) 


where 


3|a| ^ aexr ( -aa/2 )>exp(aa/2 ) coska 


3a 


2/>/2( coshaa - coska) 


3/2 


(1-15) 


9 I a| _ aexrp(ga/2)sinka 


2/ /2( coshaa - coska) 


572 


(I^l6) 


The sinplified equations for these partial derivatives "becomes: 


3A, 


3A^ a[a^(k - k )^ - (aa)^] 
2 m 


3a 3k 


[(oa)^ + (k - k^)^ a^] ^ 


(1-17) 


3A^ 3A^ -a[2aa (k - k^)] 

3k 3oT “ 


[(aa)^ + (k - k a^] ^ 
IQ 


3a 


(I-l8) 
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3|a| 

da 


2 

a 

r / , .2 2 . 3/2 

[(aa) + (k - k ) a ] 


(1-19) 


ilAl 

3a 


-a (k - k ) 
m 


r, .2 , ^2 2i3/2 

[(aa) + (k - k^) a ] 


( 1 - 20 ) 


1-2-3. VERIFICATION OF SENSITIVITY ENHANCEMENT FACTORS 


The \iltrasonic resonator used to verify the sensitivity enhancement 
factors consists of a flat and parallel single-^crystal specimen of 
photoconduct ive CdS to which was "bonded a 10-MHz x-cut quartz transducer 
so that longitudinal ultrasonic waves could be propagated along the 
direction of the C axis. (The effects produced by the presence of the 
transducer, which are unimportant to the discussion here, are considered 
in references 2, IT, 22). Ultrasonic waves interact with the charge carrier 

9 

system of the CdS by the piezoelectric coupling mechanism. Since the 
CdS specimen is photoconductive, small changes in the light intensity 
incident upon the specimen result in changes in the charge carrier system, 
which in turn change the acoustic properties of the resonator. The 
phonon-charge carrier coupling and the photoconductivity of CdS has 
been used to develop a quantitative ultrasonic calibrator, * the details 
of which are reported in section III-2. The small changes Aa and Ak 
needed to experimentally verify the sensitivity enhancement factors of 
equations 1-12, 1-13, 1-15, and I-l6 were produced with the aid of this 

calibrator. 

The experimental arrangement used to obtain the line-shapes is shown 
The ultrasonic response is generated and detected by means 


in figure 2. 




Figure 2 ) Block diagram of experimental arrangement used to 

verify resonator sensitivity enhancement factors. 
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of a sampled cv ultrasonic spectrometer' , Either or may be 
selected by the appropriate adjustment of the phase shifter in the 
reference arm of the double balanced mixer. The magnitude |A| of the 
acoustic response is obtained by substituting a simple diode detector 
after the RF amplifier in place of the double balanced mixer. 

The background ultrasonic properties of the resonator are determined 
in part by the setting of the dc level control (See figure 2) which fixes 

the average light intensity incident upon the CdS specimen. Small 
sinusoidal variations in light level are superimposed on this average 
value by the action of an audio oscillator which also serves as the 
reference signal for a synchronous amplifier. Depending upon the 
setting of the dc level control, these sinusoidal variations in light 
level produce corresponding variations in either the ultrasonic atten- 
uation or the phase velocity, or in both of these. The corresponding 
changes in the acoustic response ^|a| are amplified and 

detected with the aid of the synchronous amplifier and displayed as a 
function of ultrasonic frequency on an x-y recorder. 

The absorption and dispersion sensitivity enhancement factors 
8|A|/9a and 9|A|/3k predicted by equations 1-15 and I-l6 are presented 
in figure 3, for a range of frequencies near a particular mechanical 
resonance. A plot of |a| over the same range is superimposed in the 
figure. The greatest sensitivity to absorption is seen to occur at the 
frequency corresponding to the peak of the mechanical response. (We 
note that 9|A|/9a is negative for all frequencies since an increase 
Aa in attentiation results in a decrease in {a|.) .Further, the dispersion 
sensitivity factor 3[A|/9k vanishes at the point where 9(A|/9a gives 
the maxim\m absorption signal. Thus a pure absorption signal is obtained 



8.600 8.650 8.700 8.750 8,800 


Frequency (MHz) 
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when the spectrometer is tuned to the center of a mechanical resonance 
monitored via |a|. Examination of figure 3> however, indicates that 
there is no point on the |A| response where one can obtain a pixre 
dispersion signal* 

. The' predicted lineshapes for both the absorptive (3|A|/8a-) and 
dispersive 0|A|/9k) sensitivity enhancement factors were experimentally 
verified. The theoretical curves are plotted using experimentally 
determined parameters for background attenuation, sample length, and 
velocity of sound, all known to better than +1^. The data for 
9|A|/3a are shown in figure 3* Agreement between theory and experiment 

is seen to be good. Because of details related to the operation of the 
CdS ultrasonic calibrator, the data for the 9|A|/9k had to he obtained 
using a value of background attenuation different from that used in 
figure 3. and thus could not be displayed on the same horizontal scale. 

In figure 1, the agreement between theory and experiment for 
9|A|/9k is also seen to be good. 

The predicted absorption and dispersion sensitivity enhancement factors 

9A^/9a and 9A^/9k are shown along with the corresponding experimental 

data in figure 5. The data are in good agreement with the predictions 

of equations 1-12 and 1-13. The greatest sensitivity to absorption 

again occurs at the center of the mechanical resonance. Since 9A /9k 

1 

is zero at that frequency, a pure absorption signal is obtained. 

Of particular interest here is the existence of zeros of absorption 
sensitivity. These occur at frequencies such that the observed 

amplitude of is approximately one— half of its maximum amplitude. 
Physically, the zero-crossing of 9A^/9a can be interpreted in the 
following way: A small increase in attenuation produces both a 
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Figure i+) Dispersion sensitivity enhancement factor 

obtained at maximum a at 8.6 MHz. Note the zero 
crossover shift and frequency scale as compared to 


figure 3 or 5* 





Frequency (MHz) 


Figure 5) Theoretical and experimental absorption (9A^/3a) 

and dispersion (9A^/3k) sensitivity factors super- 
imposed on a plot of A^. Pure absorption signals 
are obtained for the frequency corresponding to 
3Ai/9l5.=0,vhile pure dispersion signals are observed 
for SA^^/Sot^O. 
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decrease in peak height and a broadening ot the curve. This broadening 
resuXts in an increased amplitude Tor the wings of the curve even 
though the central portion of the curve is reduced. The zeros of the 
absorption sensitivity occur at those points in frequency where 
the decrease in amplitude resulting from the decrease in peak height is 
exactly canceled by the increase in amplitude due to the broadening. 

A comparison of the results presented in figiires 3, and 5 indicate 

that one may obtain dispersion and absorption data separately by 
monitoring while this is not "^he case if one monitors |a| . The 
dispersion sensitivity 9A^/3k is slightly less (*^25^) than its 
greatest value when the frequency is adjusted to a point of zero 
absorption sensitivity (see figure 5)s this slight decrease is 
warranted in order to obtain p\ire dispersion data. 

In practice, a scheme is used which obtains simultaneously pure 
absorption and pure dispersion data, both at their maximum theoretical 
sensitivity. Moreover, this arrangement includes a feedback loop 
which serves to lock the frequency of the oscillator to the desired 
point on the mechanical resonance. This scheme uses both the in-phase 
signal as well as the out-of-phase signal described in equations 
1-8 and 1-9. The experimental arrangement is as follows: Two indepen- 

dent phase-sensitive detectors of the type shown in figure 2 are utilized. 
The reference arm of one is adjusted to produce an response, while the 

reference arm of the other is adjusted to yield A^* “The frequency is 
tuned to coincide with that of the center of the mechanical resonance. 

As shown previously, 9Aj^/9a provides its greatest sensitivity while 
9A^/9k is zero under these conditions. Thus one obtains a pure 
absorption signal at maximum theoretical sensitivity from the A^ 
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monitoring unit. Referring to equations 1—12 and 1-13* however, we 
notice that is at its greatest sensitivity while SA^/Ba = 0 

at this same frequency. Thus the A^ monitoring unit simultaneously 
provides a pure dispersion signal, this also at its maximum theoretical 
sensitivity. The A^ monitoring unit also provides the correction 

voltage for a frequency locking scheme which has been discussed else- 

,23 
; where . 
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II. ULTRASONIC TECHNIQUES AND APPLICATIONS 

II~1. SAMPLED CONTINUOUS WAVE ULTRASONIC SPECTROMETER 

In this section, tvo new ultrasonic measurement systems are 

5 IT 

described in detail. One of these is a refinement of the SCW 

6 

system while the other is a new system based on marginal oscillation 
•techniques with maximum sensitivity enhancement^ (see section 1-2). 

'An RF amplitude regulation system is presented and its application to 
the new spectrometer is described. Finally, applications of the new 
spectrometer in the medical 'sector are demonstrated along with a dis- 
cussion of current research applications of the new spectrometer for 
NASA, 

The two major catagories of ultrasonic spectrometers are pulse- 
echo (PE) and continuous wave (CW). Sophisticated systems of each type 
have been used extensively for physics research. However, there are 
drawbacks to each basic system. By its very nature, pulse-echo systems 
cannot produce monochromatic phonons thus direct measurement of narrow 
resonant phenomena (e.g. Nuclear Acoustic Resonance) are difficult since 

T 

the narrow pulse leads to inhomogeneous broadening of the response. Most 

CW techniques do not have the same drawbacks as pulse-echo systems. 

However, since these systems are typically used for transmission 

resonance, they have the problem of "crosstalk”, which is electromagnetic 

leakage around the sample. "Crosstalk" is especially serious for thin 

or very high loss specimens. The problems associated with crosstalk 

are presented in references 19 and 24 and are shown to be a limiting factor 

5 17 

in the use of CW systems. A recently developed ultrasonic technique 
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has combined some of the attributes of pulse-echo with CW in a system 
called a Sampled Continuous Wave Ultrasonic Spectrometer (SCW). This 
system is capable of producing a monochromatic phonon without the 
problem of "crosstalk”. 

The SCW is a stimulus response type of measurement system but does 

not use the very narrow RF pulse used in PE systems. Simply, the SCW 

uses a wide stimulus pulse and then measures the decay of the resulting 

'acoustic wave. This can be related to the CW system described in section 

1-2 by looking at equation I-l. The Infinite simanation shown in this 

equation is the superposition of all the waves in the resonator (see 

figur.e l). In contrast, in an SCW system, the series is terminated at 

the instant when the transmitter gate (see figure 6) is closed. At 

the instant T, the first term in the series vanishes. At a time 
d 

t = T + T, (where t = ~ or one "round trip" reflection time in the 
d V 

25 

resonator) the second term vanishes, and so on. Therefore, the decay 
of energy in the ultrasonic wave appears as a series of steps corresponding 
to terms vanishing in the infinite series of equation I-l. The resulting 
signal may be compared with CW signal by sampling the decaying signal. 

In fact, it is possible to obtain good agreement with the superposition 
theory by sampling an interval in the decay as close as possible to 

and by making the .interval wider than several T. The early sampling 
does not permit too many terms in the series to "turn off" whereas the 

interval width averages the acoustic infonnation during the interval. 
Therefore, the SCW is a system capable of measuring the acoustic response 
of a resonator without the problems of "crosstalk” or non-monochromaticity. 

The SCW system requires a precise sequence of gating piolses to 
control the oscillators, amplifiers and signal samplers. Referring to 
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OSCILLOSCOPE 


Figure 6) Block diagram of a sampled continuous vave ultrasonic 

spectrometer (SCW) for measuring absorption or dis- 
persion » For figures of time domain decays, the slow 
ramp drives the X axis of the X-Y recorder. For 

frequency domain figures, the ramp generator sweeps 
both the RF oscillator frequency as well as the X axis. 
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figure 6 again, a repetitive pulse train must first turn on the RF 
(open the transmitter gate), turn off the RF and delay a short time for 
the electronics to stop ringing, and open the receiver gate so that the 
RF ultrasonic decay can he amplified and detected. Finally, the detected 
signal must he sampled so that a voltage corresponding to a time in the 
ultrasonic decay may he recorded. The two hasic components of this 
system are the timing generator and the video sampler as shown in 
figure 6. In addition, a signal processing system is often useful to 
hand pass the sampled signal, to provide a ramp generator to sweep the 
frequency of the RF oscillator, and to generate an exponential decay 
electronic signal which may he compared with the ultrasonic decay signal. 
Therefore, a schematic of the signal processing system is included for 
completeness along with a complete description of the hasic components. 

The timing generator shown in figure T, provides the various 
sync pulses and gate pulses which control the SCW. We follow a pulse 
through the system to .understand how it works. A (+) pulse into the 
schmidt trigger produces a hypolar pulse, which is differentiated and 
the leading (+) edge triggers a fast NOR gate (38o). The 38 0 output is 
a fast (-) spike which starts the first "one shot" monostahle multi- 
vibrator (362). The output of the 362 is a square pulse whose length 
is determined by external resistors and capacitors. In addition to 
the normal X output of the 362, a complement X output is provided which 
both fires a 356 line driver for a master sync pulse as well as firing 
the next 362 - the transmitter logic. The fall of the transmitter square 
pulse triggers a delay logic 362, the fall of which triggers the receiver 
Both the transmitter and receiver use current limited line 


logic . 



.O " 



Figure 7)' 'Schematic, diagram of the timing generator section of 

the Sampled Continuous Wave Ultrasonic Spectrometer. 
Component values shown in ohms and microfarads. 
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drivers (2N2219) to protect the RF electronic gates (double balanced 
mixer modulators) from burn-out currents. An auxiliary 362 gate is 
available for controlling some other part of the experiment — i,e, a 
strobe lamp, a magnet, or some other stimulus. 

The other logic function of the timing generator ,is related to 
its input mode. An input mode switch selects either internal, external 
or 3 sine input modes. The internal mode uses the unijunction transistor 

I oscillator (UJT) as a master clock to run the rest of the circuitry. 

I 

i 

The external mode requires a periodic external 6 volt (+) pulse to act 
as the master clock. ‘ In any of the sine input modes, an external sine 
wave acts as the master clock. The zero crossings of the sine wave 
produce sharp (+) spikes out of the sine-digital converter for the 
schmidt trigger input. In the sine 1 position, the transmitter fires 
with each zero crossing so that an electronically generated exponential 
can be produced every receiver pulse. In the sine 2 position, the 
transmitter fires every other zero crossing with an exponential generated 
only at the time of the receiver pulse following the transmitter pulse. 

In the sine 3 position, the transmitter fires every other zero crossing 
with an exponential generated only at the time of the receiver prior 
to the transmitter pulse. 

The three sine inputs are designed to facilitate data processing. 

In sine 1, the electronically generated exponential may be compared with 
the ultrasonic decay or may be subtracted from it for the measurement 
of small changes in signal. In sine 2 position, measurement of the 
signal is followed .by one of the noise so that synchronous detection 
may be used to enhance weak signals. With the electronic exponential, 
sine 2 position is used to sample changes in signal and then noise by 
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subtracting the electronic from the ultrasonic exponential. In effect, 
this transforms the signal back to a zero voltage signal reference. 

Sine 3 differs from sine 2 in that the noise is transfonned up to the 
signal level rather than the signal being transformed to the noise level. 
The sine 3 position is useful for recording the signal level as well as 
changes in the signal level. 

The second major component of the SCW is a high speed sampling 
system similar in nature to a sampling ' oscilloscope. The sampler, shown 
in figure 8, is interconnected to the timing generator so that a 
measurement of the input signal (a detected ultrasonic decay ) is made at 
a chosen time after the receiver gate opens. The logic of the sampler 
can be described by following its reaction to a repetitive pulse at the 
sync input. The trigger level and polarity are adjusted at the input of 
a TlO voltage comparator. VThen triggered, the output pulse of the 710 
is differentiated and the (+) part sets a control flip-flop, lights a 
sync indicator lamp, and starts the fast ramp generator. 

—2 ~5 

The generator produces a fast ramp (5 x 10 to 1' x 10 seconds) 
which is compared to a slow ramp (0.5- ^ minutes) started by a switch 
on the front panel. When the 2 ramps have the same output voltage, 
the ramp comparator 710 initiates the measurement of the input signal, 
(video A or B). As the slow ramp . increases in voltage, the measurement 
•is taken later in the fast ramp sweep so that eventually measurements are 
taken from the -beginning of the fast ramp to the end of the fast ramp. 

If the fast ramp output is used to sweep the horizontal axis of an 
oscilloscope with the video A or B used to drive the vertical axis, use 
of the slow ramp as described above corresponds to measuring the entire 
input signal displayed on the scope. When used in this fashion, a 






28 


blanking pulse is provided to turn off the scope trace during the reset 
of the fast ramp. 

In addition to the blanking pulse, a strobe pulse is available 
for use with a scope. The strobe signal intensifies the area of the 
display after the sampled measurement is taken. The strobe pulse starts 
a monostable multivibrator (362) whose output width is adjustable and 
controls the sampler’s measurement window. The sampler is a Burr Brown 
sample and hold module which tracks the input signal during the duration 
of the strobe pulse and holds the last sampled value thereafter. An 
integrator is inserted at pin 28 of the sampler for measurements which 
require time averaging of the input signal. The time constant of the 
integrator is chosen to correspond to the measurement window width. The 
remainder of the sampler system consists of two identical input attenuators 
(A and B) in steps of 1, 2, U up to UOO, These two inputs .are connected 
to. a differential MOSFET high input impedance device and amplified. by‘ 
a two stage 733 video amp. The signal is buffered to drive an output and 

the sampler module. / 

The sampler system can be operated in 3 modes which control the 
slow ramp generator. The modes are ’’off'’, "scan , and manual • lu the 
"off" mode a sample is taken at the same time as the sync input pulse 
(neglecting any propagation delay). In the manual mode, a sample is 
taken at any set time during the fast ramp. In "scan" mode, a sample 
is taken from the beginning to the end of the fast ramp by consecutively 
sampling later with each sync pulse. By connecting the slow ramp out to 
the X axis of a chart recorder and the sampled video out to the y axis, 
a complete plot of the input signal can be obtained (for the duration of 
the fast ramp). 
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The signal processing section shown in figure 9 of the SCW 
system consists of a hand pass filter (an integrator), a rmp generator 
and an exponential generator. These circuits are straight-forward and 

require no additional explanation. 

Figure 10, is a photograph of an SCW system .complete with a step- 

vise ultrasonic decay displayed on the scope, • 
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Figure 9) Schematic diagram of the signal processing section 

of the Saiapled Continuous Wave Ultrasonic Spectrometer. 
Component values shown in ohms and microfarads. 
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Figure 10 ) Photograph of a Sainpled Continuous Wave Ultrasonic 

Spectrometer (oscillator not shown). A resonator 
exponential step-wise decay obtained with this system 
is shown on the oscilloscope. 
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II-2. TRANSMISSION OSCILLATOR ULTRASONIC SPECTROMETER 

The second ultrasonic measurement system to he described is a 

6 

Transmission Oscillator Ultrasonic Spectrometer (TOUS) . This CW 
device exhibits high sensitivity because it utilizes maximum sensi- 
tivity enhancement as well as marginal oscillation. In spite of its 
high sensitivity, the TOUS system is relatively simple, compact, and 
inexpensive. These features suggest that the TOUS is suitable not 
only for precise laboratory measurements of the physical properties of 
materials, but also for applications in many fields (e.g. medical 
monitoring, lubricant monitoring). 

An important aspect of the design of the TOUS is its marginal 

oscillation. A previous device, the Marginal Oscillator Ultrasonic 

Spectrometer (MOUS) seemed to exhibit the highest sensitivity to 

measuring small changes in ultrasonic absorption ’ , Nuclear magnetic 

resonance workers have long exploited the sensitivity of oscillators 

which are operated on the verge of dropping out of oscillation (and 

thus are ’'marginal”). The marginal oscillator concept was adapted 

26 

to ultrasonic use for the study of nuclear acoustic resonance. 

Although the MOUS system has been utilized for nuclear acoustic resonance 
studies and for other applications, * the inherent complexity of 
the MOUS has severely limited its usefulness. The TOUS appears to 
have the same high sensitivity characteristics as the MOUS without the 
inherent problems , 

DESCRIPTION 

A block diagram of the TOUS is shown in figure 11. Central to 
any continuous (i.e,, standing) wave ultrasonic system is the acoustic 
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BlocX diagram of a Transmission -Oscillator Ultrasonic 
Spectrometer (TOUS)* 


Figure 11 ) 











resonator, in this case consisting of the sample plus two transducers 

arranged in a transmission assembly. The response as a function of 

frequency of the acoustic resonator consists of a series of standing 

wave (mechanical) resonances. Operating the spectrometer at a point 

(often chosen to be the peak) on one such mechanical resonance results 

in enhanced sensitivity to small changes in the acoustic phase velocity 
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and attenuation of the sample. ’ 

As indicated in figure 11, the TOUS consists of an amplifier’ 
system which is caused to oscillate by providing it with a- feedback 
path through the acoustic resonator. Pi matching networks provide 
impedance matching between the acoustic resonator and the electrical 
system, A tuning network selects the particular mechanical resonance 
and the point on that resonance at which the oscillator operates. The. 

I i 

tuning network is a passive bandpass filter having a frequency response 
which is broad compared to the width of. a mecha-nical resonance but 
sharp enough to discriminate between adjacent mechanical resonances. 

In practice, an inductor and a variable capacitor in parallel are used 
as a tank circuit. With loosely coupled input and output colls, the 
desired frequency response is achieved, the insertion loss being 10-20 dB 
at frequencies of the order of 10 MHz, 

The lopp contains two lossy elements, the tuning network and' the 
acoustic resonator, both of which act as narrow bandwidth filters. This- 
s^rrangement permits t]ie distfibutip^l of th^ gain around the loop as 
shown in Figure 11, with the result that lower noise is achieved. Only 
that fraction of the output noise of one amplifier which lies within the 
passband of the intervening narrow band element is seen by the input of ' 
the other amplifier. A signal splitter removes a portion of the signal 
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at the highest RF level in the system for detection and signal 
processing. The variable attenuator, as discussed later , is adjusted 
to achieve marginal oscillation 

THEORY 

Stable oscillations of the TOUS occur at a level at which the. 
phase shift around the loop is zero and the product of the gain G 
and the loss p is qne^ In the discussion which follows, it is 
assumed that the condition on the phase shift is satisfied and that 
the fact that the gains and losses are distributed around the loop 
can be ignored. 

The enhanced sensitivity obtained by operating the TOUS under 
conditions of marginal oscillation can be understood on the basis of 
the following argument. If the output voltage is plotted as 

a function of the input voltage for a typical RF amplifier, a 

response curve similar to that shown in figure 12(a) is obtained. 

For sufficiently small input voltages, the response is nearly linear 

and thus the gain G = V . /V, (also shown in figure 12(a)) is nearly 

out 1 n 

independent of Departure from linearity at higher RF levels is 

accompanied by a decrease in gain, i.e., the amplifier approaches 
saturation. 

To be utilized for the TOUS, the small signal gain of the amplifier 
must exceed the attenuation, i.e., the product of the linear region 
gain and the loss must be greater than 1.0. Under these conditions^ 
oscillations, when initiated, grow in amplitude. The gain of the 
amplifier decreases with this increase in oscillation level. Stable , 
oscillations occur when the amplitude has increased sufficiently, and- 



(Arbitrary Units) 



Figure 12) (a) Output voltage (V and gain in^ 

versus input voltage (V in) for a hypothetical RF 

amplifier. . . 

(h) - (dG/dV )“^ versus V . , showing the enhanced 
in in 

sensitivity in the nearly linear region of the. 
f hypothetical amplifier. 
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thus the gain has decreased sufficiently, that the product of the gain 
and loss equals 1,0. Stable oscillations cannot occur in a region 

where the amplifier is strictly linear. 

The primary use of the TOUS is in the detection of very small 
changes in acoustic attenuation. A small increase in acoustic atten- 
uation results in a corresponding small increase in the attenuation 
,of the loop. The small increase in loop attenuation reduces the RF. 
level at the input of the amplifier and a slight increase in gain results 
(figure 12(a)). A new stable operating point is reached since the 
extra loss due to the additional acoustic attenuation is compensated . 
by the additional gain. A measure of the sensitivity of the TOUS to 
small changes in acoustic attenuation a is the change in output level 

AV for a given Aa. From the discussion above and an inspection 
out 

of figure 12(a), one sees that the greatest change in will occur 

in that region of the curve where the gain G is a rather slowly 
varying function of When is small, the value of 

(and thus the value of must decrease rather substantially in 

order to increase the gain sufficiently to compensate for the additional 
loss, 'conversely, if dG/dV^^^ is large, only a relatively small change 
in output level results for the same change in acoustic attenuation 
Aa. 

These considerations can be made more quantitative in the following 

way. Since the condition Gp = 1 is always satisfied, a small fractional 

change Ap/p in loss resulting from an increase in acoustic attenuation 

produces a corresponding change AG in the gain of the amplifier. 


AG = -G(Ap/p) 


(Il-l) 
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The change AV in output voltage resulting from this change in 
® out 

gain is = (dV^^^/dG)AG = (dV^^^/dV.^) x (dV.^/dG)AG. Using 

equation II-l and maJcing the approximation = G, one obtains 

AV = -(4G/aV. r^G^(ApZp) (II-2) 

out in 


Thus the sensitivity of the TOUS to small changes in acoustic 
attenuation is approxiBiately proportional to -(dG/dV^^) . This is 

plotted in figure 12(B) for the hypothetical amplifier having the 
response shown in figure 12(A). Good sensitivity is achieved with 
amplifiers which are nearly linear and saturate slowly. Sensitivity 

increases when the operating point is chosen at RF levels where the 

1 

amplifier is more nearly linear. In practice, the operating point, 
is chosen by adjusting the variable attenuator shown in Figure 11. . 

Tn demonstrate some of the characteristic .features of the TOUS,, 


it is convenient to be able to produce small changes in ultrasoni 

. ^ * 10,11 

attenuation of known magnitude. An ultrasonic calibration instrument 
described in Section III-2 is used for that purpose. This calibrator 
makes use of an acoustic resonator consisting of two transducers bonded 
to a single crystal of CdS, the acoustic properties of which are modulated 
with a light beam. For this study, the light beam was chopped at 
26 Hz and the detected output of the TOUS was passed through a narrow 
bandwidth filter (- 3 Hz) centered at 26 Hz before final demodulation. 

The amplitude of the 26 Hz audio output of the TOUS is plotted as 


a function of the RF level in figure 13. The change in acoustic 

attenuation of the CdS specimen which is responsible for the 26 Hz 

^ 4 . An. - ii V Tn“'‘ The RF level was decreaseci 

output was fixed at Aa - o.4 x lu cm . 
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RF LEVEL (Arbitrary Units) 


Output of the TOUS in a 3 Hz hand-width centered at 

26 Hz as a function of RF level. The change in 

—6 “1 

acoustic attenuation was fixed at Aa=s6.4xi0 cm 
The increased output at . low RF levels is consistent 
with the predictions of equation I 1-2 and figure 12 B. 




Uo 

^ -Piffure 13) % adding attenuation to the loop 

(from right to left in figure x:>; 

by means of the variable attenuator. The amplitude of the 26 Sz 
audio output of the TOUS increases with Increasing insertion loss even 
though a higher insertion loss means a lower RF operating level. 

These results look <iualitatively like those presented in figure l?(h) 
where a functional form has been assumed for the input-output relation- 
ship' of the amplifier. The increasing 26 Hs signal output with decreasing 
: oscillation level is due to the -(dG/dV. factor of equation II-2. 

The qualitative agreement makes us believe that our theoretical raaarks 
are essentially correct in describing this aspect of the operation of 

the TOUS. . • 

The signal-to-noise ratio obtained under these conditions is indicated 

in figure 13, where the noise output of the TOUS is shown on the same 

vertical scale as that for the signal. The optimum signal-to-noise ratio 

is usually achieved at an RF level slightly higher than that corresponding 

to the maximum audio (e.g., 26 Hz) signal. 

A limited performance compsxison of a TOUS system with a more con- 
ventional continuous wave (CW) transmission ultrasonic spectrometer is 
presented in figure lU. The TOUS system shown in figure 11 can be 

converted to a conventional CW spectrometer by opening the loop after 
the signal splitter and inserting a stable RF oscillator. This comparison 
is reasonably meaningful since all components function in the same 
fashion in both systems. (The stable RF oscillator was hot a significant 

contributor to the noise in the conventional CW system.) The audio 

output and corresponding noise in a narrow band centered at 26 Hz 
shown in figure lU as functions of da for both the TOUS and the 

conventional CW spectrometer. The TOUS was operated at an EF level 
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' I 

Aa (cm’*) 

Figure ih) Output voltages of a TOUS and a more conventional 

transmission cw spectrometer as functions of the 
change in ultrasonic att enuat i on Aof. . The error har s 
represent the noise present in the spectrometer 


outputs. 


corresponding to its optimum signal to noise. The CW spectrometer 
was operated with the output of the RF oscillator adjusted to produce 
the same voltage on the transducers as in the case of the TOUS. The 
audio output of the TOUS is two orders of magnitude larger than that of 
the conventional CW spectrometer for the same value of Aa due to the 
marginal operation of the TOUS. Of interest, however, are not the 
relative magnitudes of the spectrometer outputs, hut rather their 
relative slgnal-to-noise ratios. From figure H.. the signal-to-noise 
ratio for the TOUS is seen to be substantially better than that for 

this CW transmission spectrometer. 

Details of the signal processing system used with the TOUS as well 

as the appropriate operating procedures depend upon the particular 
application. Since the phase shift around the loop must remain zero for 
stable oscillation, the TOUS automatically tracks ultrasonic dispersion 
within the- bandpass limits of the tuning network. This dispersion is 
exhibited as a shift in the acoustic mechanical resonance frequency and 
hence the oscillator frequency. Thus, for physical acoustics measurements, 
the TOUS provides detailed information about changes in both attenuation 
and phase velocity while taking maximum advantage of sensitivity enhance- 

3 IT ' 

ment factors. ’ 

The high sensitivity of the TOUS is best achieved in cases where 
the small changes in acoustic attenuation of Interest occur with character- 
istic frequencies in the audio range. An example is that of the small 
changes in acoustic attenuation produced by the presence of particulate 
or gaseous impurities in flowing fluids. Several applications of the 
TOUS have already been developed and will be discussed in Section II-U. 



1 1-3. RF AKPLITUDE REGULATOR MD ITS OPERATION WITH THE TOUS 

In this section an RF amplitude regulator is described which may 
be used with the TOUS (see section II-2) or any other RF system which 
requires a constant RF amplitude level. An electronic schematic of 
the regulator is presented along with a description of its use. Test 
data obtained with the regulator show that the regulator reduces 
spurious amplitude modulations by a factor of lOO. Two configurations 
of the TOUS designed with an RF amplitude regulator are presented along 
with detailed schematics of the TOUS-regulator system. 

Although the TOUS, as described in section II-2, is a useful 
instrument, a further refinement was necessary to make it something 
other than purely a laboratory device. A method was developed that 
keeps the TOUS at an operating point which can be described as truly 
marginal. The method developed for this purpose is an RF amplitude 
regulator having many applications other than the TOUS. In fact, the 
gjj^pPibude regulator appears to be useful in areas other than ultrasonics. 
Basically, the regulator maintains a low noise, constant RF level for 
any application (e.g., ultrasonics, electromagnetic radiation). 

The amplitude regulator together with the TOUS is similar in concept 
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to the marginal oscillator known as the Pound box in that the satiiration 
characteristics of the amplifier determine the output oscillation level. 
With the TOUS regulator, however, any operating point can be set that 
satisfies the criteria of the gain-loss product and the closed loop 
phase. 

An electronic schematic diagram of the regulator is shown in figure 
15 , This particular embodiment of the regulator is built for use with 
double balanced mixer -modulators which require overdrive protection 
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Schema'tic diagram of the RF amplitude regulator; 

First stage gain is lowered to 50 for TOUS operation. 


Figure 15) 










from excessive currents. The first amplifier in the regulator (T^l) 
is a "basic summing circuit with variable gain (0-200). The second 
amplifier (T^l) is a voltage follower to buffer the output of the 
first stage and provide a low pass filter (RC time constant 0-1 second). 
In the set mode, the current out of the regulator is controlled by 
a kO turn set point pot. In the regulate mode, the input as w;ell as 
the set point pot are summed. Any change in the input results in a 
correction current to the mixer which brings the input to its previous 
level. In this way, once an operating level has been set, the regulator 

will "lock” the input to that level. 

A test of the characteristics of the regulator , as used with a 
high quality laboratory oscillator is shown in figure l6. The oscillator 

output is equally divided at the signal splitter with one leg detected, 
measured by an offset electrometer, and plotted on a y^, ^2^ ^ chart 
recorder. The other leg passes thru a double balanced mixer modulator, 
is amplified, detected, measured by a microvolt digital voltmeter and 
an offset electrometer, and recorded on the same y^, y^* chart 
recorder. The mixer attenuation is controlled by the regulator shown 
in figure l^i. The results of the test setup in figure l6 are presented 
in figure IT. In the bottom trace of the figure is shown the detected 
RF amplitude output of oscillator. The output level was at about 330 mV 
with a level stability of about 0.03 dB over the 30 minute test. At 
the top trace of the figure is the detected RF amplitude output from the 
regulator, • As before, the signal level is about 330 mV with a much 
improved amplitude stability. In tests run over longer periods of time 
and with three different lab oscillators, results were similar to these 

of figure IT • - 
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Figure l6) Block diagram of experimental arrangement for 

evaluation of the amplitude regulator, The results 
for small amplitude variations in the oscillator 
output are plotted on a dual pen chart recorder and 
shown in figure IT • Barge variations in amplitude 
produced hy the attenuators are measured with the 
D.V.M, and shown in figure l8. 













I mV @ 330 mV 



Figure 17) StalDilizing effects of the RF amplitude regulator 

on the output of a laboratory oscillator, 330 millivolts 
DC of the signal are bucked out for clarity. 


To evaluate the amount of spurious amplitude noise corrected for 
by the regulator, the attentiators shovn in figure l6 were varied. A 
plot of input to output variation is shown in figure l8. From this 
figure, the regulator is seen to reduce RF amplitude variations by a 
factor of 100. In addition, the regulator maintains this stabilization 
effect over a wide variation of input. In fact, the stabilization is 
fairly linear over nearly 20 dB change in input level. This type of 
stability for RF signals is especially useful for experiments in WAR, 
low temperature measurements, remote sensing or any situation where 
long term stability is necessary. In particular, the regulator used 
with a TOUS system can be regarded as an inexpensive yet sensitive 
ultrasonic system that has good stability and portability. 

A slight modification of the TOUS in figure 11 is shown in, figure 
19(A). In this configuration, the regulator is used with the TOUS as 
a complete ultrasonic spectrometer. The heavy arrows indicate the RF 
signal paths while the light arrows indicate audio signal paths. Note 
that the resonant circuitry illustrated here is for liquid studies and 
that the tuning network in figure 11 is not used. Although the tuning 
network does remove some noise that is outside the TOUS operating band- 
width, it does present some problems with liquid flow. For a typical 
1-cm. path length brass cavity a temperature shift of 1°K caused by the 

liquid produces a cavity length change corresponding to a resonant 
frequency shift at 10 MHz of 200 Hz. A narrow bandwidth fixed frequency 
component in the TOUS system prevents it from automatically tracking 
changes in the resonant frequency. On the other hand, without the 
tuning network most changes in resonant frequency are followed by the 
TOUS since as a marginal oscillator, the system tracks the highest Q 
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RF amplitude regulator dynamic range and correction 

linearity. This is indicative of a reduction hy 

two orders of magnitude in spurious amplitude modulation 
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Figtire 19A) 



Block diagram of the TOUS particulate monitor configured, 
with RF amplitude regulation* Part iculat es or gas in 


the liquid under study are pumped through the resonant, 
cavity and produce variations in the detected RF signal. 
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element in the loop. Therefore, thfe resonant peak is followed so that 
sensitivity enhancement factors remain constant, even though the frequency 
may drift .■ 

Figure. 19(B) is a photograph of the physical components of the 
block diagram in figure ■19(A). . The two figures are composed identically 
so that the labeling in figure 19(A) is compatible with the layout^, of 
figure 19(B). 

A second configuration of the TOUS has been built specifically 
for liquid studies. The electronics for this instrument were designed 
around commercially available integrated circuits. This simplified the 
overall set-up as is shown in figure 19(C). The major change in this 
system is the automatic gain control (AGC) section of the RF amplifier 
shown in figure 19(D). Basically, the AGC takes the place of the current 
controlled attenuator (mixer-modulator) in figure 19(A). Use of the 
AGC also modifies the regulator itself, since the AGC requires a non- 
inverting signal, while the mixer requires an inverting signal (an 
increase in the voltage to the AGC decreases the amplifier gain while 
an increase in the current to the mixer decreases loop insertion loss). 
The regulator (figure 19(E)) built for the AGC amplifier contains the 
RF signal splitter as well as a times h RF detector in addition to the 
convenient Hi-Z RF out and the Hi-Z detected signal out. 

A subtle difference between the regulators of figures 15 and 19(E), 
is the position of the summing junction (the lOK resistors at pin 2 of 
the TUi amplifier). Locating the junction after the gain stage permits 
one to change the gain without changing the set point voltage thereby 
making the two controls more independent. .This is desirable for 
operation of the TOUS at its normal low Rf' levels. For high RF levels 
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Figure 19B) Photograph of the constant cross section resonant 

cavity with related electronics for TOUS operation. 
The individual components in this picture are labeled 
in the block diagram in figure 19(A). 
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Figure 19C) Block diagram of the TOUS system designed for studies 
of liquids. Use of commercially available integrated 
circuits simplified the organization of the instrument 
to an automatic gain controlled RF amplifier and an 


RF amplitude regulator. 









Amplifier Buffer 

V + 



Sclieiiiat.ic diagram of "tlie automatic gain coniroilod RF 

i- . ' 

amplifier. Center frequency is alout llMHz. 


Figure 195^) 
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such as might he used in CW ultrasonics, the summing junction must he 
located before the gain stage to buck out the higher detected RF 


voltages . 
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II-i+ . . COETINUOUS WAVE ULTRASONIC PARTICULATE MONITOR . . 

The characteristics of the .TOUS-^regulator system described in 
section 11^3 have led to an application of the system as a monitor of 
particulates in floving fluids. In this section, such an application 
is discussed and areas of its future use are indicated. Specific design 
details of resonant cavities for fluid flow measurements are presented 
along with experimental data of a cavity ultrasonic resonance. In 
addition, data are presented of calibration runs of the particulate 
monitor with tOO micrometer contaminents added to the test. fluid. 

Further refinement of the system as a medical monitor is described which 
resulted in the construction of a microemboli monitor for use in heart- 
lung bypass surgery. Data obtained- during animal surgery is presented 
to show the effectiveness of the device in monitoring an injection of an 

anticoagulant. . _ 

Several resonant cavities were built and investigated for use with 
the particulate monitor. Figure 20(A) shows a liquid flow cavity with 
variable parallelism. The three knurled screws adjust the parallelism 
of a quartz disk with respect to a fixed quartz disk on the back of the 
cavity. The internal disks can be seen in figure 20(B) which also 
shows the seating "O'' ring for liquid tight seal. 10 MHz transducers 
bonded to the outside of the quartz disks provide the ultrasonic 
excitation for the cavity. .By using optically flat and parallel disks,, 
effects due to transducer non-parallelism can be evaluated with little 
perturbation due to the disks. Qualitative results obtained with this 
cavity indicated that a fixed parallelism resonator is desirable. 

First, the "O" rings used for a liquid seal relax overnight thereby 



Figure 20A) 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Photograph of a variable parallelism resonant cavity. 
The parallelism of 2 internal quartz plates is 
controlled with the external knurled screws. 
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Figure 20B) 


Inside of the variable parallelism cavity showing the 


2 quartz plates and the ”0" ring for liquid seal. 


requiring frequent ’^peaking up" to maintain parallelism. Secondly, 
variations in pressure due to pump pulses seemed to produce a noisier 
signal with this cavity than any other tested. This has been attributed 

to the compressibility of the "0" rings. 

Several other cavity designs have been tried with the most recent 

shown disassembled in figure 21. This design provides .constant cross 
sectional area from the round tubing connectors through the rectangular 

flow path. The tubing connectors have a gradual (<5^) geometric vari- 
ation from round to rectangular while maintaining a constant cross 
sectional area. These coupling pieces were a problem to fabricate. 
Eventually, a complementary structure was made of graphite and used 
as a tool to spark cut the transition piece as close as possible to 
a constant cross sectional area. The cavity is shown assembled in 
figure 19(B), along with typical electronics necessary to operate it 
as a particulate monitor.- In figure 22 is a sampled CW decay of this 
cavity with about 15 steps visible in the ultrasonic, decay. This 
verifies that the parallelism tolerances for this assembly are better 

than A/I0(l5 micrometers). 

A closed-loop water flow system was used to test the particulate 
monitor. Glass microspheres (100-400 micrometers ■ in diameter) were 
individually dropped into the flow system. Particles smaller than 100 
micrometers (Al^O^ irregular shapes) were easily measured with a signal 
to noise better than 15 to 1, In a second test, after the liquid cavity 
had been cleaned and filled with distilled, filtered (<6o micrometer 
size particle's were removed) water, one 400 micrometer particle was 
added to the system. The particle was counted by the monitor in the 
closed loop system, for 10 minutes, A similar procedure was followed 
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Figure 21) 



Constant cross section resonant cavity shown dis- 
assembled. The end transition tubes are constant 
cross section with round inlet and rectangular outlet 
shapes. This reduces flow turbulence in the cavity. 
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Figure 22) Reflection Sampled CW (top trace) and transmission 

sampled CW ("bottom trace) wave shapes for the water 
filled constant cross section cavity in figure 21. 
The stepwise build up and decay of the resonance 

shown here indicates a cavity parallelism of better 
than X/lO. 
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until -30 particles had been added and counted for periods of time 
ranging from 5~10 minutes. The results of this test are siioun in 
figure 23 along with the standard deviation of the measurements. The 
active water volume of the flow system is about 90 ml while the count 
rate average corresponds to 85 ml /count which is excellent agreement. 
These results and figure 23 indicate that the monitor is quite linear 
as well as being accurate. 

Specific applications of , the monitor are suggested by the results 
of these tests . One use of the particulate monitor is as a medical 
instrument Reports of brain damage resulting from extracorporeal 
perfusion during open heart . surgery have led to substantial interest 
' in ultrasonic microemboli detection.. Previously reported devices have 
relied on pulsed ultrasonic techniques. Our instrument, a Continuous 
Wave Ultrasonic Microemboli Monitor, offers features of non-invasive 
continuous monitoring of the total volume of blood with high sensitivity 
and yet takes the form of . a compact, inexpensive instrument. The 
instrument uses a 10 MHz stainless steel resonator, probe shown dis- 
assembled in figure 2k. The probe is designed so that the transducers- 
are in contact with the blood flow itself. Since 10 MHz transducers ’ _ 
are, too thin to maintain their flatness under pressure, 2 MHz trans- 
ducers are used operating at their 5th harmonic. The probe is small, 
easily sterilized and integrates well with the heart-lung medical, 
equipment. 

Thevbasic monitor uses similar electronics, shown in block diagram 
figure 19(C).' The output of the signal processor consists of pulses 
with amplitudes proportional ' to the’ cross-sectional areas of the micro- 
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Figure. 23) , ■ Output of the particulate monitor as a function of 
the .number of UOO micrometer glass spheres in a 
closed circulatory loop. 



Figure 2k) Medical resonator probe used with the TOUS system as 

a microemboli monitor. Blood circulated extra- 
corporeally during heart-lung bypass operations is 
monitored ultrasonically while pumped through the 
probe. The presence of gas bubbles or solid particu- 
lates modulates the ultrasonic field and is measured 



electronically 
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emboli and widths representing the transit time of a microembolus 
through the resonator. Two typical microemboli events are shown in 
the oscilloscope trace in figure 25. For routine clinical monitoring, 
a threshold particle size, e.g. 50 micrometers could be selected by 
the setting of a discriminator level. The total number of events per 
minute corresponding to the passage of impurities of size greater than 
the selected minimijim are displayed and recorded. Results obtained 
during heart-lung bypass on a canine indicate that typical counting 
rates for a 100 micron discriminator level setting range from fewer 
than 100 cpunts per minute under "normal” conditions to thousands of 
counts per minute within a few minutes after the generation of micro- 
emboli. 

The use of the instrument to continuously monitor microemboli is 
shown in figure 26. The number of counts per minute corresponding to 
particles greater than 100 microns in diameter is plotted as a function 
of time- The data were obtained from the total body perfusion of a 
mongrel dog. From a point 100 minutes into the run the counting rate 
remained reasonably stable in the range of 60 to 80 counts per minute 
for about 16 minutes. An increase in counting rate began at minute 
117 in figure 26. Heparin was added at minute 122. Shortly thereafter, 
the counting rate began to fall, stabilizing at a low of fewer than 
20 counts per minute within 3 minutes of the time that the anti- 
coagulant was. added. An attempt has not yet been made to repeat e 
this experiment. 

The microemboli monitor has been chosen by Industrial Research 
magazine as one of the 100 most significant technical products of the 



Figure 25) Oscilloscope trace of 2 microemboli events, Microemboli 

passing thru the resonator decrease its effective 
Q and therefore decrease the RF amplitude producing 
the pulses shown. Entire horizontal axis is 100 


milliseconds . 
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Figure 26) Heparin event as measured by the ultrasonic particu- 

late monitor 120 minutes into animal operation. 
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year 1974.^ Since that award, the monitor has heen used success- 
fully during an operation on a human. As clinical experience is 
accumulated, the information generated by the monitor will he evaluated 
and may prove it to be an important medical instrument. Additional 
medical applications include monitoring of hemodialysis units as well 
as blood used for transfusions. In comparison with other published 
monitors^^ the particulate monitor based on the CW TOUS concept appears 
to have certain benefits which are indicated in Table 1. Future develop- 
ments may lead to a more sensitive, less expensive device than indicated. 

Another use of the particulate monitor would be as a machinery 
wear monitor (l.e. aircraft engines, helicopter gearboxes, hydraulic 
systems). Wear particles transported by the lubricant can be counted 
and sized by the monitor thereby providing the user with real-time 
on-line information as to lubricant and machine condition. The real-, 
time information can be especially important in aircraft systems as an 
alert "signature” of impending catastrophic failure. 
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III. ULTRASONIC INTERACTIONS IN CdS 
III-l. PHONON-CHARGE CARRIER COUPLING IN CdS 
In this section, we examine the interaction of ultrasonic vaves 

. 9 . 

with charge carriers ' in CdS. The theory of Hutson and White is 
utilized in linking ultrasonic absorption and dispersion to conductivity 
in piezoelectric semiconductors. The theory of reference 9 is verified 
with measurements of the effects of photogenerated charge carriers on 
ultrasonic parameters. A tentative explanation presented for small errors 
in the measured data is the existence of inhomogeneities in the crystal. 

A hypothetical model with inhomogeneities is developed which predicts 
results consistent with the observed data, 

CdS is a II-VI semiconducting compound of. the hexagonal-wurtzite 
structure. Although it can exist as a cubic zincblend structure, it 
will revert to the . hexagonal structure if heated above 100 C. Single 
crystal material has a bandgap of 2.5 ev and a corresponding peak in 
the optical absorption coefficient at 0,5 micrometers. 

CdS is also a photoconductor with the conductivity varying nearly 
linearly with light intensity. The photoconductivity is impurity and 
defect dominated for optical wavelengths greater than 0.5 micrometers. 

The impurity dominated conductivity causes a broadening of the photo- 
current vs. photon wavelength curve and results in a monotonic decrease 
in the photocurrent of five orders of magnitude between 0.5 micrometers 
(2.5 ev) 1.0 micrometers (1.3 ev ) . 

In addition j since the crystal s tincture of CdS lacks a center of 
symmetry, it is piezoelectric and has an electromechanical coupling 
coefficient equal to about 0.03. The piezoelectric property causes 
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electric fields to accompany ultrasonic stress waves and produces a 

coupling mechanism "between the ultrasonic wave and charge carriers. 

Although a good model for the phonon^charge carrier coupling was 

not fully., developed until 1962, experimental observations of the coupling 

31 

effect were reported in 1959 by Gobrecht and Bartschat and later by 
Wine^^, Ogawa^^, Hutson^^, and Wine and Truell^^ for CdS. The obser- 
vations reported that ultrasonic attenuation was a function of light 
irradiation. In references 3 ^, 35 , a correlation between conductivity 
and ultrasonic attenuation is attributed to an interaction between 
conduction electrons and stress waves coupled by the piezoelectric 

effect. 

A model of this coupling is developed by Hutson and White in 
reference 9 with a linear theory that includes effects due to carrier 
drift, diffusion, and trapping. In this model, the propagating stress 
wave is accompanied by an electric field produced from the strain on . 
the piezoelectric crystal. The electric field is composed of both 
longitudinal and transverse components with the transverse wave small 
and therefore neglected. The longitudinal wave, however, is sufficiently 
large to produce measurable effects on charge carriers. Conversely, 
the charge carriers play a role in the crystal's ultrasonic properties 
resulting in acoustic dispersion and changes in loss. 

In reference 9 , it is shown that the ultrasonic velocity takes 

the form: 
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An experimental method was devised to verify ecjuations III-3 
and It is necessary to measure ultrasonic attenuation and 

phase velocity as a function of Since a CdS resonator can be 

fabricated to be photoconductive, its conductivity can be varied with 
light. Therefore, the conductivity frequency can also be varied with 
light. Assuming that the conductivity varies linearly with light 
intensity, a simple accurate method employing, neutral density filters 
can be used to vary ‘ ' 

*The coupling strength parameter K is approximately equal to the 
square of the electromechanical coupling coefficient K, since 

K = K^/(l - K^) = where K^«‘l., 



It was convenient to use the ultrasonic calibrator (Section I I I- 2) 
to verify the Hutson and White theory. The calibrator contains a flat 
and parallel single crystal of photoconductive CdS. A constant 
intensity lamp is focused on the resonator through a sequence of neutral 
density filters. By setting the lamp intensity to a maximum attenuation 
value (i,e, F = 1 or = w), it was possible to obtain accurate 
measurements relative to F = 1, The results of this experiment are 
shown in figure 27 along with, a theoretical plot of equation III-3 
and The theoretical plots are drawn for = 0.03 which was 

determined from a best fit to the data. The agreement between theory 
and data is seen to be good. 

However, examination of figure 27 reveals some lack of agreement 
between theory and experiment. A tentative explanation for the devi- 
ations from theory is based on inhomogeneities in the crystal itself. ' 
Since these samples were annealed in sulpher to Increase their photo- 
conductivity, one expects cadmium vacancies. If these represent 
inhompgeneities in the sample, they may account for the observed 
deviatiations when the phenomena of super linearity (or supralinearity ) 
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is considered . This effect produces a relationship between a 
and I such as a = n>l. This ’'sensitizing" results from the 

addition of doubly charged centers which lengthens the recombination 
lifetime for holes. Since these holes are close to the valence band, 
they play no role in conductivity until the hole demarcation level 
drops below their position due to low temperatures and/or high 
illumination. The result of the increased hole lifetime is. to decrease 
the recombination rate thereby increasing the conductivity. 




Figure 27) Effect of light on ultrasonic attenuation and velocity- 

in photoconducting CdS. .The solid -lines are theory- ' 

2 ’ 
for K = 0.3. The experimental points were measured 

'at 17 MHz. ^ ^ 
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A further examination of figure 27 shows that the data error 
for attenuation i'J%) is worse than the error for velocity (3^) 
measured at the peak of attenuation (at F — l). 

If there are large inhomogeneities in the density of the douhly 
charged centers it might explain the observed behavior since the 
experimental data for dispersion is obtained from a measurement of the 
frequency at the resonant peak. With inhomogeneities in the crystal^ 
this peak could be shifted from its expected mechanical resonance to 
one corresponding to a lower conductivity. In addition, the shifting 
of the position of the mechanical resonance would produce a distorted 

attenuation vs. light intensity figure. 

To examine if superlinearity is a possible explanation for the 
observed errors, a simple model is evaluated. In thismodel the 
resonator is composed of 2 segments: an A un-sensitized half and a 
B sensitized half. The conductivity in the A half Is less than that 
in the B half. Therefore, for values of F < 1, the ultrasonic atten- 
uation for the A half is less than that for the B half. Since the 

ultrasonic signal is obtained by adding the signals of each half, the 

combined signal is dominated by the A half. Thus, the resonance peak 
of the combined signals would be shifted to that corresponding to 

higher phase velocities found in sample A. Actually, the resonance 

peak would occur as if the combined s'amples had a velocity higher than 
the average of their velocities. This is not the case for attenuation 
The attenuation of the comhined samples is nearly the average of 
the attenuation for each half. A theoretical plot is shown in figure 
28(A) of the mechanical resonance for each half and for the combined 
signals. The effect of an increase in the conductivity is a decrease 
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Figure 28A) Ultrasonic mechanical resonances for tvo hypothetical 
CdS resonators. The A sample is unsensitized while 
the B sample is sensitized. The resulting higher 
conductivity in the B sample leads to an increase in 


ultrasonic attenuation. 
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in the resonaxice peak hy about 20^* Figure 28(B) is a plot of the 

) 

derivative of the curves in figure 28(A). The location of the 
resonance peak may be determined from the zero crossings of the 
derivative. Although the same increase in conductivity as in figure 
28(A) is calculated here, a shift in the zero crossings is indiscern- 
ible. 

To help visualize the shift, the X and Y axis of figure 28(B) 
are expanded (a factor of UOO for the X axis and 30 for the Y axis) 
in figure 28(C). The change in resonance frequency shown in figure 
28(C) corresponds to a change in Av/v of about 10^. One feature 
is apparent from this model. Large inhomogeneities in density of 
sensitizing centers can lead to discrepancies consistent with those 
measured in figure 27. The discrepancies are larger for attenuation 
than for velocity and result in a shift toward higher velocities. 
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Figure 28 b) Derivative of the ultrasonic mechanical resonances 
shown in the previous figure. A shift in the peak 
of the resonance produces a shift in the position of 
the zero crossings of the derivative. Wo shift, is 
apparent on this scale. 



Figure 28C ) Expanded axis of the derivative curves shown in the 
previous figure. The ;C-axis is expanded by a factor 
of UOO and the Y-axis is expanded by a factor of 30. 

On this scale, shifts in the zero crossings are apparent. 
In addition, the composite sample zero crossing is 
closer to the A side than to the B. 
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III-2. M ULTRASONIC CALIBRATOR 


In this section is described an ultrasonic calibration device. 

The theory of its operation is developed and the actual operation -with 
an experimental sample is discussed. Data obtained with the calibrator 
is presented and a technique for calibrating the system with a secondary 
standard is described. Causes of calibration error are discussed. 

The interaction of light on the ultrasonic properties of CdS 
suggests an application of this phenomena as a calibrator for ultra- 
sonic spectrometers. In this section, an ultrasonic calibration device 
is described which is capable of producing known changes in both 
acoustic attenuation and phase velocity while simulating the essential 
\j_3-trasonic properties of the specimen of interest. Since the calibra- 
tion results from actual changes in acoustic properties rather than 
from an electrical simulation, not only are the electronic character- 
istics of the spectrometer accounted for by the use of the calibrator, 
so also are the sensitivity enhancement factors associated with the 
acoustic resonator. (See Section 1-2) The calibration technique is 
based on the use of a CdS specimen whose ultrasonic properties can be 
adjusted and modulated with light as described in Section III-l, 

The calibrator is being used with sensitive ultrasonic spectrometers 

capable of detecting small . changes in acoustic phase velocity Av/v 

and attenuation Act which occur in specimens during ultrasonic ally 

IT 

induced electron or nucleax spin resonance. In order to relate the 
output of such a spectrometer (e.g., a voltage or a chart recording) 
to the physical parameters Acx and Av/v, a calibration scheme is 
usually employed.- Existing calibration schemes rely on an electrical 
simulation of the acoustic event which gives rise to the changes in 
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acoustic attenuation and phase velocity. ’ ’ Although electrical 

calibration schemes of this sort are adequate in some respects, a 

more satisfying calibration technique would utilize actual changes 

in ultrasonic properties, e.g., changes in time. domain decay rates 

17 

or frequency domain line widths. Without producing such actual 
changes in acoustic properties, a calibration scheme cannot properly 
include the sensitivity enhancement factors which arise from the use 
of ultrasonic resonators 


III-2-1. DESCRIPTION AND THEORY OF OPERATION 


A block diagram of the ultrasonic calibrator is presented in - ’ 

figure 29 . The composite resonator consists of a CdS crystal to which 
is bonded an appropriate transducer so that longitudinal ultrasonic 
waves can be propagated along the C-axis. The flat and, parallel single 
crystal of CdS was prepared from high purity photoconductive material. ■ 
Light from both the bias and the signal lamps, which are powered by’ 
constant current sources, is focused on the CdS crystal. A. light ■ 
chopper and a platform carrying neutral density filters are in the 
optical path of the signal lamp. The entire ass^bly is housed in 
a light tight case external to which are controls that insert or retract 
various combinations of neutral density filters. 

The physical basis for the calibration scheme is as follows. 

Because CdS is a good photoconductor, light incident on the crystal, 
can change its electrical conductivity by many orders of magnitude. 

Since the charge carriers are coupled to the elastic properties of CdS , 
by the piezoelectric mechanism, changes in electrical conductivity 




BXock diagram of "the ultrasonic calibrator. 


Figure 29 ) 
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result in changes in ultrasonic phase velocity and attenuation. This 
phonon-charge carrier interaction is treated with the aid of the fonn- 
alism of Hutson and White in Section III-l and is shown in figure 2(. 
By applying the phonon charge carrier interaction (Section III-l) to 
ultrasonic resonators (Section 1-2), it is possible to obtain the 
necessary conditions for the operation of the calibrator. 

For attenuation calibration, let us define as the ultra- 
sonic signal related to the calibrator and as the ultrasonic 

signal related to the specimen being studied. We recall that A^ 
is the in-phase component of the ultrasonic signal as shown in equation. 
1-3. If the assumption is made that aa«l and a*a*«l (starred 
quantities are related to the specimen) and that measurements are taken 
near a mechanical resonance, equation I-IO becomes: 


A A 
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Ag 

2 

a a 


(III-6) 
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(III-T) 


If the assumption is made that A A^ = A A* , then a condition exists 

* 

such that A a = A a , The assvunptions are justified in the section 
on calibrator operation. Using III-6 and III-7: 


Ag Ag 


2 *2 

g a g a 


(III-8) 


or 



g 


(III-9) 
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where a is defined as an effective attenuation. Therefore with the 
e 

above conditions and assumptions met, the change in attenuation in the 
calibrator equals the change in attenuation in the specimen. 

For dispersion calibration, we define as the ultrasonic 

signal related to the calibrator and as the signal related to 

the specimen of interest. The A^ response is the out-of-phase 
component of the ultrasonic signal shown in equation 1-3. As before, 
we assume a a«l, a a «1 and that the measurements' are taken near 
a mechanical resonance. Then equation I-ll becomes: 


AA 


2 



a a 


(III- 10) 


AA^ = 


* 2 * 
a a 


Ak 


If we assume 


AA^ = AA^ we obtain: 


(III- 11) 


Ak _ Ak* 

2 *■ *2 * 

a a a a 


(III-12) 


* . . . • 

As before , a condition exists such that . Ak = Ak . The condition is : 



(III-13) 


We note that ^quatioh equals .equation lii-9t Thei’sfore with 

the same conditions and assumptions met as before, the change in wave 
number in the calibrator equals the -change in wave number in the 
specimen. 
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In sninmary then, the same changes in ultrasonic parameters that 

are occiirring in the specimen of interest are adjusted to occur in 

« 

the calibrator. The condition that aa«l is easily met in most 

experiments. The other conditions that must he met for use of the 

* 

calibrator are that AA^ = for attenuation measurements and 

AA = AA for dispersion measurements. In addition, the attenuation 
2 2 

of the calibrator must be adjusted so that the results of equation 
III-13 or III-9 are met. These conditions are Justified in the oper- 
ation section. Similiar conditions apply for attenuation measurements 
using |a| for the ultrasonic signal. 


111-2-2. OPERATION OF THE CALIBRATOR 

Using the same notation as in the theory section, operation of 
the calibrator is described and data are presented for absorption and 
dispersion calibrations. 'The first condition to be satisfied operation- 
ally is the adjustment of the calibrator background attenuation. The 
bias lamp is varied to obtain the condition that: 



This condition is easily accomplished for most experiments. The light 
chopper is turned on for synchronous measurements (AC) or left off 
for DC measurements. The next condition to be met uses the calibrated 
signal lamp to set AA^ = AA^ or AA^ = (the calibration of the 

signal lamp is discussed later). This condition is easily achieved 
for most experimental samples. Simply, neutral density filters are 
inserted into the signal lamp producing acc^lrately known changes in 
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in light intensity. Since light intensity is nearly linearly related 
to ultrasonic absorption and dispersion over a region of figirre 27, 
calibrated changes in the ultrasonic properties are produced (i.e., 
one-tenth of the signal lamp intensity produces one-tenth of the 
initial changes in ultrasonic properties). Therefore, a wide dynamic 
range of changes in parameters may be achieved since there is a wide 
dynamic range of conductivities in CdS (at least a factor of 10 ) . 

The only limitations on the calibrator range are linearity consider- 
ations and spectrometer noise. These are discussed later with other 
sources of error. 

III-2-3. CALIBRATOR RESULTS ■ ■ • . 

With the appropriate conditions met as discussed previously , two - 

values of ot were sci and 0«1 cm. ) and calibration 

6 

signals obtained for each as is shown in figure 30. These signals 
were measured with a synchronous amplifier tuned to the light chopper 
frequency and as such are an example of the AC mode of calibrator 
operation. Neutral density filters were inserted in the signal lamp 
path to obtain values of Aa for light intensity less than 1. The 
relative light intensity scale here has no connection to F, the relative 
light intensity scale in figure 27 • The noise shown as error bars is 
believed due to spurious amplitude modulation in the spectrometer . 

The AC dispel* siQ» calibration vas obtained in a similar 
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Figure 30) 


Absorption calibrator output (AC mode for two values 
of background attenuations. 
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fashion and is shown in figure 31. Once again, the noise shown as 
error tars is believed due to the spectrometer. 

The second mode of operation for the calibrator does not make use 
of synchronous detection and is called the DC mode. For this operation, 
the light chopper is switched off and changes in ultrasonic parameters 
are measured with a direct coupled spectrometer. As before, calibrated 
changes in material properties are obtained by inserting various com- 
binations of neutral density filters in the signal lamp path. Opera- 
tion of the bias lamp is the same as for the AC mode. Figure 32 is an 
example of operation in the DC absorption calibration mode. 

As an example of the flexibility of the calibrator, a special 
arrangement was set up. The output intensity of the signal lamp was 
modulated with a square wave at a very low frequency (about 0.1 Hz) 
with the. calibrator, operating in the DC mode. The bias lamp was 
adjusted to an intensity such that F = 1 - 6F and the signal lamp 
intensity adjusted to produce a (26F) change in light intensity. There- 
fore, a condition was produced so that varied from a value Just • 

less than w to one Just greater than u). Since a is a double valued 
function symmetrical with respect to F = 1, little change in attenua- 
tion occurs between the two generated values of F. However, the 
dispersion is varying most rapidly during the condition F = 1 and 
the two generated values of F correspond to two different phase 
velocities. A very slow ultrasonic frequency sweep through the 

N ■ 

mechanical resonance with these conditions is shown in figure 33. A 
line connecting all the peaks in the modulation on the low frequency 
side with the minima on the high frequency side correspond to the F > 1 
mechanical resonance. Likewise, a line connecting all the minima on the 






Mechanical resonance of a CdS sample illuminated 
at just below maximum photogenerated acoustic 
absorption. In addition, a modulated lamp shining 
on the CdS raises the conductivity (on the minus 
part of the modulation) to just above the maximum 
absorption. The’ resulting figure shows changes in 
both absorption and dispersion as well as sensitivity 
enhancement effects (see text). 
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low frequency side with the peaks on the high frequency side represent 
the condition F <1. In addition, a line connecting the midpoints of 
the modulations represents the condition F = 1. The zero in the modu- 
lation amplitude between the two mechanical resonances represents the 
peak of the mechanical resonance at F = 1, Therefore, in one figure 
we can see dispersion as shifts of the mechanical resonance peak: with 
respect to F = 1, and changes in absorption as a reduction in peak 
height at F = 1. In addition we see the F = 1 increased mechanical 
resonance width with respect to the widths of the F = 1 + 6F curves . 
Also in this figure is shown the sensitivity enhancement factor as a 
change in the amplitude of the modulation. In fact, if we were to plot 
the modulation amplitude vs. frequency, we would obtain a rectified 
image of figure 4. 

111-2-4. CALIBRATION OF THE CALIBRATOR 

For attenixation, the calibrator system is itself calibrated with 
an external insertion-loss standard. For this purpose, we use standard 
click-stop 0.1 and 1.0 dB attenuators. Changes in the ultrasonic 
signal (M^, or A|a| ) are carefully measured by AC coupling the 

detected RF signal to an oscilloscope. First, tfe calibrator attenua- 
tion is adjusted to as described in the' theory operation. Next, 

the signal lamp intensity is set such that the change in ultrasonic 
signal produced by the attenuator is exactly matched by that produced 
by the signal lamp. For AC operation, the light chopper is on so that 
the change in ultrasonic signal appears as a modulation at the chopper 
frequency. For DC operation, the change in ultrasonic signal is a 
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decrease in tHe detected amplitude. With the attenuation calihration 
procedure performed as above, the change in attenuation Aa in the CdS 
equals the change in attenuator setting in dB. To verify that the above 
conditions calibrate the system, it is necessary to examine what is 
actually measured. 

Let us define as the ultrasonic signal used with the calibra- , 

tor. Also, define such that the observed change in calibrator 

output due to the ^signal lamp is AA^ = A^ - A|. Furthermore, we let 
C be the attenuator insertion loss factor determined from; 


cA, 


xdB = 20 log 


(III-14) 


where x. is the dB change dialed in. Then: 


c = 10 




(III-15) 


For example,- if x = 1, c = 1.122. When the calibrator signal is set 
equal to the signal produced by x attenuation loss, we obtain the 
condition: 


Ai - = Ai - cA^ 


(111-16) 


Therefore, A^ = cA^ and since at the peak of resonance A^ = (l/ota) 
it c an be shown that : 


a' = 


a 


(III-17) 
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The change in ' a in dB is 


20 log = 20 log = -X dB 


(III-18) 


Therefore, the change in a in the calibrator is accurately Icnown 
and is equal to the change dialed into the attenuator. Even though no 
mention has. been made of sensitivity enhancement during this initial 
calibration, it has been taken into account during the procedure. 
Equations I— 10, I—17 , and I— 18 can be used to describe a change in the' 
-A -1 signal at the resonance peak using the sensitivity enhancement 
factors as : 

(IIW9) 





a a 


Aa = 


(^) 
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a a 
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where c is the change in a as in equation III-17. From III-19, we 
deduce that = A^/c so 

A^ 

xdB = 20 log 7 T = 20 log c (HI-20) 

1 , 

This is the result expected from equation III-lU and therefore,- 

sensitivity enhancement factors have been taken into account. 

For dispersion measvirements, the calibrator is calibrated with an 

accurate frequency counter. Whether we change k or k in the 

m . 

equations of section I does not affect the amplitudes of changes in 
ultrasonic signals. Therefore, we may frequency modulate (FM) the RF 
carrier to produce the same effect amplitude wise as a modulated-phase 
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velocity.. The identical procedure is followed for dispersion as for 
attenuation except we use. the (put -of -phase) ultrasonic signal (see 

section I). . Instead of using for comparison the change in due to 

an attenuator, we use the change in A2 due to a known FM amplitude. 
The signal lamp intensity is set to produce the same ^2 ^ 

produces. As before, the Ak for the signal lamp is then equal to 
the Ak for the FM oscillator. 

111-2-5. CALIBRATOR ERROR ANALYSIS 


Two basic assumptions are made for the calibrator. The most 

important is that conductivity, varies nearly linearly with light 

intensity. For the lower levels of illumination, most likely used 

with the calibrator, this .is true. Deviations from linearity at 

39 

intense illumination or^ low temperatures have been seen but differ from 

sample to sample,. An error such as this would be apparent instantly 

'0 ’ ' ■ ' 

from the calibrator output, since a plot such as figure 30 would not 
be linear . In fact , if data similar to that in figure 30 are linear at 
..the more intense ill\uninat ions, they will surely be linear at the more 
important smaller changes in parameters. 

The second basic assumption is that the slope of light intensity 
versus absorption or dispersion as shown in figure 27 is constant over 
the region being used- In fact, the slope changes are small- For 
example, the slope of the attenuation curve is; 


da 

dF 


2 V 


1 - F‘ 


(1 + 


ClII-21) 



97 


But this need not introduce a large error in the system. Once the' 
calibrator has been calibrated for some value of a (i,e., F has 
been set with the bias lamp), the error introduced by equation III-2l'is 
fixed by the range of Aa used. For most experimental work, the smaller 
Aa values are most significant since large changes in a may be directly 
measured from resonance width studies. For example, in figure 30 the 
(X — 0.032 <3m. curve covers about two orders of magnitude in Aa, yet 
the slope changes by less than 0.02 percent which is insignificant. 
Actually, so long as F < 0.2 the change in slope of a versus light 
(equation III~2l) changes by only. 5 percent. This means that the 
calibrator need not be recalibrated for each specimen of interest at 
a small decrease in accuracy. However, for highest accuracy, the pro- 
cedure outlined in the previous section should be used for each change 
in specimen. especially for values of F > 0.2. 

Other non— theory errors, are related to the accuracy of the neutral 
density filters (5 percent for this case), 'the stability of the lamp' 
finally, noise in the spectrometer ' itself . 
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III-3. ACOUSTOELE'eTBIC ' ULTRASONIC POWER DETECTOR 

In this section results of theoretical and experimental analysis are 
presented for an acoustoelectric ultrasonic power detector similar to one 
discussed in reference 12. The significance of power detection for pulsed 
as well as CW measurements is described.' Calculations of the acousto- 
electric voltage based on a theoretical model with both constant as well 
as exponential electron density are presented for a flat and parallel 
ultrasonic resonator . An anomolous change in sign of the acoustoelectric 
voltage for certain conditions of resonator length and charge distribution 
is reported which has not been accounted for theoretically. Experi- 
mental data are presented which agree with other aspects of the theore- 
tical model and further demonstrate the benefits of power detection. 

Ultrasonic measiirements made on flat and parallel samples - are 

relatively easy to obtain with either pulse echo or continuous wave 

techniques. Modern applications, however, have taken ultrasonics from 

the laboratory with controlled flatness and parallelism to the real 

world of non-destructive testing and biological monitoring. Serious 

difficulty in interpreting ultrasonic data often arises for these modern 

applications. A significant cause of unusable data is phase modulation 

due to non-homogeneous samples and non-parallel reflecting interfaces. - 

For example, phase variations due to non -parallel ism make accurate 

attenuation measurements difficult if not impossible^^’^^ and lead to 

.37 

inhomogeneous broadening of mechanical resonance width and modulation 
of pulse echo decay patterns. A detection technique insensitive to 
phase information in the acoustic wave would eliminate phase modulation 
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effects in the resulting signal. Since ultrasonic pover is related to 
the square of particle velocity, a true power detector would be insen- 
sitive to relative phase variations in particle displacement in an 
ultrasonic wave. Therefore, a physical phenomena linearly related to 
acoustic power can be used as the basis of a power detector. The 
acoustoelectric effect is such a phenomena. 

■ III-3-1. THE WEIHREICH RELATIONSHIP WITH CONSTAIfT ELECTRON DENSITY 

As discussed in Section III-l, the coupling of an ultrasonic wave 

to, charge carriers in a piezoelectric semiconductor leads to an increased 

. absorption. A second aspect of this absorption is an electric field (or 

\ current) due to the phonon wave. This latter effect is called the 

Ul 

acoustoelectric (AE) effect, theoretically predicted by Fermenter 

in 1953. Physically, the AE effect is produced by the transfer of 

I momentum from the ultrasonic wave to the conduction electrons and valence 
■i.i- \ ■■ ' . ■ 

holes. The coupling mechanism between the phonons and charge carriers 

may be either the deformation potential or the piezoelectric effect. 

The first observation of the AE effect was by Weinreich & White^^ in 
195T . In reference the deformation potential coupling to charge 
carriers was observed in germanium. Weinreich links the magnitude of 
the AE effect to the loss of energy by the ultrasonic wave. His argument 
is that the momentum flux carried by the ultrasonic wave (which is the • 
energy flux divided by the wave velocity) must appear as a dc force • 
exerted on the free carriers which absorb the ultrasonic wave. There- 
fore, the AE effect manifests itself externally either .as a current 

(for a short circuited device) or as an electric field E,„. The net 

AE 

kk 

result of the momentum transferred is: ’ 

’.i 
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— f (III-22) 

AJS. . V ne 

where 0 is the power flux in the wavej v is the wave velocity, a. 
is the attenuation, n is the carrier density j e is the charge per 
carrier, and f is the fraction of mobile space Charge (l-f is trapped) 
Equation I II -22 is valid under the assumptions that >> (0 and that 
the drift velocity due to fields in the resonator is much less than, 
the ultrasonic phase velocity. Using .equation III-4 and III-22 with 
the relationship that a= nep, one obtains: 

'e = ] 

“ ^ EV^ (HI-23) 

C 

For the case w « u), the acoustoelectric field is independent of 

frequency. However, for >> w, the field varies as the square of 

•frequency. The frequency dependence would seem to eliminate the 

acoustoelectric effect as- a candidate for use in the power detector. 

In fact, for the power detector we measure an AE voltage which. 

Ah 

as shown below, eliminates the frequency dependence problem. 

The frequency dependence of E._ is eliminated when we integrate 

the field through the length of the detector. If the assumption is , 

made that the detector is flat and parallel, that insignificsbt mode 

conversion occurs at the reflection boundary and that complete reflec- . 

tion occurs at that boundary the V becomes: 

Ah 
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vh^e, a/2 is the detector length. This result is similar to one 
derived in reference 12. If we neglect carrier trapping (valid for 
^ ^ seconds trapping time)^^ and combine equation III-23 

•and, 'll 1-2^ i the acoustoelectric voltage, becomes : 


_ 00 . 1 

^AE ^ 

j=o 


(m-25) 


A plot of this function is shown in figure 3^+ for values of ^ 

‘^^uals 0.1, 0.5> 1. 0, and 2.0 for a constant n (i.e., fixed a). Note 
that, the oscillatory behavior of damps out with increasing reflec- 

tion number and increasing aa/2. In fact for large aa/2, V.„ 
becomes a function of acoustic flux only (n fixed). This condition 
is ideal for a power detector. Other optimum conditions for this simple 
model are apparent, in figure 35. Here, from equation III-25 is 

plotted as a function of ’ aa/2 for several values of j. The acousto- 
,el.ect.ric voltage generated for the J = o term is larger in amplitude 
th^ for any other j value. This indicates that for this model, zero 
•reflections in, the power detector would achieve the optimum V.„. Zero 
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Figure 34) Acoustoelectric voltage for severaJL values of ota/2 

as a function of reflection number j. Note that 
j == 0 produces the largest for a particular 
value of ota/2 (fixed n). 
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reflections can be achieved by properly matching the acoustic, impedance 
''of the power detector with that of an external material. Impedance 
/matching is nearly realized by waxing the reflective surface thereby 
absorbing the acoustic wave without reflection^*^. 

■ IH-3-2. THE WSiHREICH RELATIONSHIP WITH EXPONENTIAL 

‘ / ELECTRON DENSITY PROFILE 

, ^Although III—25 does indicate some design parameters, a more com- 
plete- model should include effects due to non-constant electron density. 
A simple method of controlling n makes use of the photoconductive 

properties pf> CdS. By varying n and therefore a, an optimum V 

AE 

Should be achieved for various detector configurations. A simple method 
. of controlling n makes use of the photoconductive properties of CdS. 

If we assume ultrasound is incident on a CdS power detector from the 
3C = a/2 -side and light incident from the x = p side, we have a 
complicated combination of effects to include. 

For example, the light intensity is not constant through the length 
of the crystal. This is due to the light absorption (a) in the crystal. 
For light with a wavelen^h corresponding to an energy greater than the' 

bandgap (A < 0.5 micrometers) , the photon absorption coefficient is about 

5-1 -1 

10 cm. and drops to less than 1 cm. near A - 1.0 micrometer. A 

second complication due to non-constant h concerns the electron 

mobility. Since electron mobility is a function of conductivity, a 

numerical solution for the became necessary. A computer program 

was written (see appendix l) for a Hewlett Packard computer to include 

some of the effects of a non-constant n. For this analysis, n is 

replaced with: 


V 

^ = n exp (-a x) CiIIt 26) 

wbere is the photoelectron concentration near the surface. To calcu- 
late the mobility, experimental data reported in reference 39 was used 
to derive the following empirical relation: 

? * p (33 log n - 200) cm^/volt -second (III-27) 

■ ' ‘ ... • . Q l4 

iThi,s relationship is valid for values of 10^ < n < 10 . To apply the 

theoretical calculations to an experimental detector, the value of n^ 
is related . to a measurable external parameter - detector resistance. 

The assumption is made that the detector is a 0.7 ^ 0*T ^ 0.1 millimeter 
slab 0f photoconductive CdS. The resistance of such a slab is found to, 
be’: 

R = |- (n(x|epj (111-28) ■ 

Substituting equation III-26 into III-28 and solving for the surface 
electron density we obtain: 

. , : \ . [exp(5 a/2l- 1] ., . , (III-29) : 

; ^ AepR a 

. i ' ■ • ■ . • 

where R is the detector resistance in ohms, and A is the detector 
cross,, sectional area in cm. . An iterative method is used to' obtain 
final values of n assuming an effective mobility in the calculations. 
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Basically, "tile value for in equation III-29 is used in equation 

III-2T to obtain a new value of y which in turn is used to calculate 

a new value of n . The conductivity is then determined by; 
o 

0(x) =. n(x)e y(x) (III-30) 

and used in equation III— 5 to calculate the ultrasonic absorption due 
to the phonon - charge carrier interaction. Finalljr, equation III-23 
is used with the above calculations to obtain a value for the acousto- 
electric voltage; 

• ' ; CO 00 j i=U/a \ 

= • 'Z Z Ax E^^(x) = . Z E_(x) (lH-31) 

all 1=0 all 1-0 

reflections ' reflections 

j = o ; - j = o 

where N equals the summation interval., 

A detailed program of these calculations is shown in appendix 1. 

The results of these calculations for values of a from 1 to 100 

are shown in figures 36(A), 36(B) and a summary in figure 36(C). For 

each case, a low conductivity (a = 1.6 x 10 (Q-cm) ) and a high 

conductivity (a = 7*5 ^ 10’’^(J^-cm, )~^) AE voltage are presented. In 

figures 36(A) and 36 (b), V is shown as a function of reflection number 

which is the number of times the ultrasonic wave is at the x = o 

.surface. For these calculations, it is assumed that the acoustic 

excitation is left on so that we are observing the V superposition 

AE 

• to equilibrium. 



V<f€) 1 V<F€> 1 V<fC> 
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Figure 36 b) . The acoustoelectric voltage for both high and lov 

conductivity samples as a function of reflection number 
. j for several different values of optical absorption 
a. Reflection number j ■ corresponds to the x=0 


surface. 






Figure ,36c) The acoustoelectric voltage at reflection number 

. 4 **19 for both high as veil as lov conductivity samples 
as 'a function of optical absorption a. Reflection 
number j corresponds to the x«0 surface. 
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Figures, 36(A) and 36(B) show the effects of non~uniforra charge 
carrier distribution on the cases presented, the low conduc- 
tivity are greater than the high conductivity In addition, 

as a increases the decreases. This is more clearly shown in 

figure 36 (C) which shows vs a. The results of the simple model 

shown in figure 3^ and 35 not sufficient to predict the effects of 
a non constant n. In fact, even the more complex model does not pre- 
dict an anomalous sign reversal of the acoustoelectric effect reported 
in the following section. 

III-3-3. EXPERIMENTAL RESULTS 

, An experimental AE detector was built to verify the results of the 
simple as well as the more complex model. The basic design of the 
detector is shown in figure 37 » along with the experimental arrangement 
^"tilized to obtain "both the AE detector response as well as the phase- 
sensitive response. 

The CdS detector for this test purpose was a 0.7 ^ O .7 x o.l milli- 
meter slab cut from a boule of single-crystal type A photoconduct ive 
material. The axis was aligned normal to the flat and parallel 
faces. The crystal was bonded with indium or a coloidal solution of 
graphite (aquidag) to a q^uartz resonator. Ultrasonic energy introduced 
and measured in the quartz by a sampled CW (see Section II -l) ultrasonic 
spectrometer is compared with the measured V^. For this purpose, 
the CdS is weakly coupled to the quartz sample minimizing perturbation 
to the resonator acoustic field. 




Figure 37) Acoustoelectric power detector test configuration. 

The CdS power detector has one transparent In 
contact. Piezoelectric voltages generated in the 
power detector, are blocked by the low pass filter ' 
so that only acoustoelectric voltages are displayed 
on the oscilloscope. 
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Tfa.e sampled CW response for this resonator shown in figure 38 was 
first reported by us in reference hS, Superimposed in this figure are 
the outputs of an AE detector and a piezoelectric detec top for a sampled 
CW parallel resonator decay at 5 MHz, The piezoelectric detector is 
shown as an RF envelope while the AE detector appears as a solid line. 

As anticipated^ the AE power response decays at twice the rate, of the 
piezoelectric, voltage response. Although this means the AE detector 
will be in the noise faster than a piezoelectric detector, this is not 
a severe handicap for most signal levels. 

Fi^e 39 Shows a more familiar pulse echo decay for a non-parallel 
quartz sample. Again, as in figure 38, both a piezoelectric detector 
(lower figure) and an AE detector (upper figure) are shown," In each 
case, an electronically-generated exponential decay is superimposed 
on the, decays for comparison. The piezoelectric detector shows severe 
non-parallelism effects (phase cancellation) while the AE detector 
matches the electronically-generated exponential decay. These agree 
■with similar figures shown in reference 12. While it would be difficult 
to determine an absorption for the piezoelectric detector case, it is 
simple for the AE detector case. ■ 

Instead of looking at the time domain decay as in figures 38 and 
39, figure ifO shows a frequency domain line shape for both the piezo- 
electric and AE detectors for a parallel resonator at it MHz. The AE 
response is approximately the square of the piezoelectric response with 
the full width at 1/2 power in agreement to about 1 percent (9-t. KHz 
for the piezoelectric case, 9*3 KHz for the AE case). Recall that 1/2 
power for the piezoelectric detector occurs at 0.707 peak height while 
1/2 power for the power detector is at 1/2 peaJk. height . 
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Figu. e jj8) 






A sampled CW response for the test configuration of 
figure 37 showing the response of both the power 
detector (solid line) as well as a piezoelectric 
detector (RF envelope). The power detector voltage 
decays at twice the rate of the RF envelope (ie. power 
is proportional to voltage squared). 




Figure 39) Pulse echo pattern of a non-parallel quartz resonator 

as measured by the power detector (top figure) and a 
piezoelectric transducer (bottom figure). An 
electronically generated exponential is superimposed on 
the decay pattern for comparison. The power detector 
conforms to the exponential decay while the piezoelectric 


detector is modulated by inhomogeneous phase shifts 
thereby making measurements difficult. 






Figure 4 o) Frequency domain lineshape for a paraJJ.el quartz 

1 resonator as measured by a power detector (solid line) 

and a diode detected piezoelectric transducer (dashed 
curve)* Half maximum on the power detector corresponds 
to 0.707 on the piezoelectric detector. 
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Figure J+l shows the same situation for a non-^parallel sample. 

Of interest are the several peaks present in the AE response that do 
not appear in the piezoelectric response. It is believed that phase- 
cancellation effects obscure the "real” resonance shape in the piezo- 
electric response. Therefore, information is lost by not using power 
detection where phase cancellation occurs. 

The experimental results reported in figures 38-hl verify the 
operating characteristics of a power detector as predicted by the 
simple n = constant model. Complications due to phase modulation of 
.the ultrasonic wave are clearly absent in the pulse echo data for a 
non-parallel sample. In addition, SCW data show that the AE detector 
decays at twice the rate of a normal phase-sensitive detector as is 
expected. To verify the more complex n ^ constant model, the same 
experimental configuration shown in figure 3T is used to obtain the data 
reported in figure h2. When the light amplitude was varied a region 

was located where V would change sign due to a change in sample 

AE 

photoconductivity. The upper oscilloscope figure shows both V (top 

Afci 

trace) and the sampled CW decay (bottom trace). The sign of the V 

AE 

is positive indicating an anomalous acoustoelectric voltage. The sign 
reversal has not to date, been accounted for. The RF is seen to decay 
in less than 100 microseconds while the aooustoelectric voltage is seen 

to decay in about 250 microseconds. The long decay time is attributed 
in part to the RG time constant of the low conductivity sample and the 

measurement eq.uii5ment. 



IIT 
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Figure 4l) Freq^uency domain lineshape for a non-parallel qustrtz 

resonator as measured by a power detector aiid a 
piezoelectric detector. The additional peaks in the 
power detector lineshape are missing in the piezoelectric 
lineshape.. This is attributed to phase cancelation 
resulting 'in lost information. 
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Figure 42) 



sew time domain decays for both the pover detector 
and the piezoelectric detector for low sample conductivity 
(upper oscilloscope picture) and for high sample 
conductivity (lower oscilloscope picture). The power 
detector voltage reverses sign in the lower picture 
and is not explained by theory. 
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The lower oscilloscope figure shows the case for high conductivity. 

The decay of the . V is two times faster than the decay of the RF (as 

verified in figure 38) since V._ is power and the RF is voltage. The 

Aili 

sign of the is now negative compared to the upper oscilloscope 

figure (low conductivity) and "behaves as is predicted by the acousto- 
electric effect . 

The experimental results along with the proposed model indicate 
that it is necessary to take the photoelectron density distribution 
into account to analyze the acoustoelectric effect for cases where n 
is not constant. Figure's 35 and 36 indicates that an optimization of 
can be found by varying a and reflection number. In fact, the 
model may be used to obtain optimum conditions for the parameters of 
sample length, conductivity, electron distribution, and reflection 
number to suit a particular application. 
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TABLE 1 - Comparison of Pulse Echo and Tous Spectrometers 


Parameter 

Pulse echo 
PE 

Continuous wave 
(TOUS) 

1. Cost 

$20K 

$1K ($0,2K perhaps) 

2. Instantaneous relative 

1000 

1 

power 



3* Dead time 

50^ or higher 

^0.1% per count /min at most 

4. Sensitivity enhancement 

< 10 in water 
1 (complicated 
hy echo 

~10 in water (simple) 


selection) 


5. Marginal oscillator 
s ignal enhanc ement 

None 

2 

=«10 with signal to noise • 
improvement of ^5 over 
existing CW techniques 

6. Particle resolution 

-100 p 

«50 p to he improved in 

in. water i 


the future 

7 . Complexity 

Complex 

•Inherently simple 

8 . Frequency uncertainty 

-10^ Hz 

^IQ Hz 
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TABLE 2 - Electronic Parameters Tor Figure 36 (a) and 36 (B) 
VALUES FOR FIGURE 36 A VALUES FOR FIGURE 36 B 


a 

R, 10 ^ ohms 

n 

a 

R, 10^ 

ohms n 



o 



0 

1 

27 

2.9x10^^ 

1+5 

27 

1 2 

1 +. 2 X 10 

1 

120 

7.1x10^^ 

1+5 

120 

12 

1 . 1 X 10 

10 

27 

k . 

50 ■ 

27 

1 2 

6 . 2 X 10 

10 

120 

1.1X10^^ 

50 

. 120 

12 

1.5x10 

20 

27 ' 

7.8x10^^ 

55 

27 

12 

9.0x10 

20 

120 

2 . 0X10^^ 

55 

120 

12 

2 . 2x10 

30 • 

27 

12 

1.5x10 

60 

27 

12 

1.3x10 

30 

120 

11 

3.7x10 

60 

120 

12 

3.3x10 

35 

27 

12 

2 . 1X10 

70 « 

27 

13 

3 . 0 X 10 ^ 

35 

120 

5.2x10^^ 

.70 

120 

12 

7 . 3x10 

ko 

27 

12 

2.9x10 

100 . 

27 

3 . 6 x 10 .^^ 

ko 

120 

7 . 4 x 10 ^^ 

100 

120 

8.8x10^^ 
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APPENDIX 

The following program calculates the acoustoelectric voltage VAE 
generated across a photoconducting CdS power detector illuminated from 
the X - o side and having ultrasonics generated from the x = R1 
side. The program takes into account the non-uniform charge distrihu- 
t ion in the crystal and the effect this has on the ultrasonic attenua- 
tion and therefore, the acoustoelectric voltage. The variation of 
electron mohility with photoconductivity is included in the calculation. 
The program is written for the following equipment: 

' l) Hewlett Packard 982 OA Calculator 

2 ) Hewlett Packard 9862A Calculator Plotter 

3 ) User Definable, Function I 11222A ROM • . 

4) Mathematics 11221A ROM 

5 ) Peripheral Control I 1220A ROM - * 

6) Option 0001 (429 storage registers) on the 982 OA . , 

, LIST OF VARIABLES (program only) 

R1 length of sample (cm. ) 

R2 initial ultrasonic energy flux 

R3 Rl/B , 

r 4 Sample resistance (0.49 cm area x 0.;1 cm long) 

R5 in equations 111 - 26 , electron density ' • , 

r 6 number of reflections, j 

RT counter for plotter control ■ : . 

R8,R9 storage scratch pad - ■ . 




123 

A ultrasonic energy flux 

B nimber of major divisions in the integral of equation III-15. 
Near the x = o surface the interval is divided into B/lO 
(at X = 0.2R1) and B/lOO (at x = O.OlRl) to include high 
surface absorption, 

C VAE, the acoustoelectric voltage 

X distance from the light incident side (in cm.) 

y Oi, exponent in equation 111-26 

FA function calculates mobility cm /volt -sec 

FB function calculates conductivity (Q-cm)~^ 

FC function calculates ultrasonic absorption (cm*" ) 

FD function calculates electron density as a function of x 

FE function calculates "surface" electron density 

I ■ 

STEP § 


• 0: TABLE 4; TABLE 5; Enter "FLUX", A R2, B, "LENGTH", Rl, "R", 

:R4, Y; Fixed 1 

1: Scale - 4, 24, - 1.3, + 1.3 

2: Axes 0, 0, 2, 0,1 

3: Letter - 2, 0.2, 632; Plot "V(A£)"; 

Letter - 3, - 0,2, 631; Plot "Reflection NO" 

4: Rl-Rl/B-^X; Rl/B R3; If R9 = 0; FE (r4, y) -^R5; 1 ^ R9; Letter 15, 

1, 631; Plot "Yb"; Plot y 
5: FB (X+R1/2B)-KR30; If r 6 = 20; Go to 30 

6; FA {R30.) R31; If A/R2 < 0,02; Go to 30 

T-: FB (R30, R3l) ^ R33 
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8: FC (R33) -> R32; A exp (-(R32 + 0.01 )R3) R8;,If R8/R2 < 0.02; 

Go to 30 

9: (C + R3 * 1.4E13 « A * R32/R30) C 

■;i0: Aexp(~(R32 + 0.01)R3) A 

11; If R7 = 0; Space 1; Plot r6, C , 

12; If X = 0; Go to 18 

13: .If X < 0.01*RI; x - IE ~ 3*R1 x; IE - 3*R1 R3; jump 3 

l4: If X < 0.2 Rl; x ~ 1E-^2*R1 ^ x; IE ~ 2»R1 R3; jump 2 

15: If R6 / 20; If A/R2 > 0.02; x - Rl/B x; Rl/B ->• R3 

1^ ; Go to 5 

17: If X == 0.01 Rl; ^ump 2 

18; If X < O.OIRI; x + 1E-3*R1 x; 1E^3*R1 R3; jump 4 

19: If X = 0.2 ^^Rl; jump 2 

20: If X < 0,2*R1; x + IE ^ 2*R1 ^ x; 1E-2*R1 R3; jump 2 

21: X + Rl/B x; Rl/B R3 

22; FD (X-R1/2B)-^R30 

23:' FA (R30) R31 

24: FB (R30, R31) R33 

25: FC (R33) R32 

26; CC R3 * 1.4E13*A«R32/R30) ^ C 

27: A exp (-(R32+0.0l)R3) A 

28: If X = Rl; R6+1 ->• R6; plot R6, C; Go to 15 

29: Go to 17 

30:- PEN 

31: Letter R6, C, 221; plot Rl; 0 ->■ C; Rl + 0.1 Rl; print "No", 

R5; R2 ^ A; print A; 0 R7 ^ R6 
32: If Rl > 1; Go to 34 
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33: Go to 4, 

34: PEW . • , ' 

35: EWD 

USER DEFINABLE FUNCTIONS 
Function FA — calculates y , mobility 

Step # 

0: If PI _< E9; 9T F; jump 3 

1: If PI > E15; 295 F; jump 2 

2: 33 LOG PI - 200 F 

3: end 

Function FB - calculates a, conductivity 

•Step H 

0:. P1P2 « 1.6E ^ 19 F 
1: END 

Function FC - calculates a, ultrasonic absorption at 5 MHz 
Step # 

0: 2.8e - 5(P1/(P1P1 + 6.6E - 10)) F 

1: END 

Function FD , calculates n(x), charge density for n(x) ^10^ 
Step # 

0: If Y + PI. > 2; jump 3 

1: If (R5*exp (~YP1) P2) > e 6; P2 ^ F; jump 4 

2: If P2' ^ e 6; jump 2 
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3.- If (R5* exp (~YP1) P2) > E6; P2 P, jump 2 

h: If P2 < E6; e6 F • 

5 : EWD 

Function FE, calculates n in equation III-IO 
— — o 

Step 

0: 170 PU 

1: (1/U9)(1/(P1*1-6e *- 19*PUP2) )(exp (R1 P2) - l) -> P3 

2; If Absolute value ((FA(P3) - PU)/PU ^ 0.05; jump 2 

3: FA(P3) ■-»- P^; jump -2 

k: if P3 > E6; (P3 H5) P; jump 2 

5: (E6 R5) ^ F 

6: END • 



127 


BIBLIOGRAPHY 


1. Tim Burkholder (publisher). Industrial Research, l6. Wo. 10, 

Oct. 19lh, pp. 23. 

2. J. G. Miller and D. I, Bolef, J. Appl. Phys., 39, Wo. 10, Sept. 

1968, pp. i+589. 

3. Joseph S. Heyman and J. G. Miller, J. Appl. Phys., Wo. 8, 

Aug. 1973, pp. 3398. 

4. Joseph S. Heyman, NASA TND-7U17, Dec. 1973. 

5. J. G, Miller and D. I. Bolef, Rev. Sci, Instr,, Uo, Wo. 7, July 

1967, pp. 915. 

6. Hark S. Gonradi, J. G, Miller, and Joseph S. Heyman, Rev. Sci. 

Instr., Wo, 3, March 197^1, pp.‘358, 

7. J. G. Miller and D. I. Bolef, J. Appl. Phys,, kl. Wo. 6, May 1970, 

pp. 2282. . 

8. Joseph S. Heyman, J. G. Miller, Dennis R. Dietz, and F. D. Stone, 

to be published. - • 

9. A. R. Hutson and D. L. White, J. Appl. Phys., Wo. 1, Jan. 1962, 

pp, ii0. 

10. Joseph S. Heyman and J. G. Miller, NASA Tech Brief, B73-*10U20, 

Dec . 1973 . 

11. Joseph S. Heyman and J. G. Miller, NASA Invention Disclosure 

LAR-llii3 5-1 , submitted for U.S. patent. 

12. P. D. Southgate, J. Acous. Soc. Am., No. 3, 1966, pp. i+80. 

13. Rohn Truell, Charles Elbaum, Bruce B. Chick, Ultrasonic Methods 

in Solid State Physics , (New York; Academic Press, 1969). 

14. J.' R. Pellam and J, K. Galt, J. Chem, Phys., Wo. 10, Oct. 1946, 

pp. 608. 

15. F. A. Firestone, J. Acous. Soc. Am,, 1946, pp. 364. 

16. J. R. Frederick, Ultrasonic Engineering . (Wev York: Wiley and Sons 

1965). 

17. D, I. Bolef and J. G. Miller, Physical Acoustics . , W. P.. Mason, 

ed. , (Wew York: Academic Press, 1971). 


128 


18. H. J. McSkin, Physical Acoustics , 1A » W. P. Masonj ed,, (New York: 

Academic Press , 19^^ ) • 

19. D. I. Bolef and J, DeKlerk, IEEE Transactions, UE-IQ , No, 1, July 

1963. 

20. E. G. Leisure, Rev. Sci. Instr., Wo, T, July 1972. 

21. R. G. Leisure and D. I. Bolef, Rev. Sci. Instr., 39 » 1968, pp, 199- 

22. V/. E. Moerner and J. G. Miller, IEEE Ultrasonics Symposium, Cat. 

§ 7UCH0-896-ISU, 19?U. 

I 

23. J. G, Miller and D. I, Bolef, Rev. Sci. Instr., }W, I969, pp. 362. 

2k, J. G. Miller, J. Acous. Soc . Am., 93 , No. 3, 1973, pp. 710* 

25. Virgil Stubblefield, Ph.D. Dissertation, Washington University, 

1975 (unpublished). 

26. D. I. Bolef, Physical Acoustics , 4A , W. P. Mason ed., (New York: 

Academic Press, 1966). . ' 

27. W. D. Smith, J. G. Miller, D. I. Bolef, and R. K, Sundfors, / 

J. Appl. Phys., 1969, PP* 4967. 

28. E. M. Purcell, H. C, Torrey, and R. V, Pound, Phys. Rev. 69 > 

1946, pp. 37. 

29. Dennis Dietz, Joseph S-. Heyman, J. G.. Miller , Richard E. Clark, 

Proc . of Annual Conference on Engineering in Medicine and 
Biology , Philadelphia, Pennsylvania, Oct. 6-10, 1974. 

30. Russel H. Patterson, Jr. and Jack Kessler, Surgery, Gynocology, 

and Obstetrics, Sept. I969, PP* 505. 

31. H. Gobrecht and A. Bartschat, Z. Physik, 153 , 1959, Pp. 529. 

32. H. D. Wine, Phys. Rev. Letters, 4_, i960, pp. 359* 

33. Tomoya Ogawa, J. Phys. Soc. Japan, 1962, pp. 400. 

34. A. R. Hutson, Phys. Rev. Letters, i960, pp, 505. 

35. H. D. Nine and Rohn Truell, Phys. Rev., 123 , I961, PP..799* 

36. Richard H. Bube, Photoconductivity of Solids , (New York: John Wiley 

and Sons, Inc., 1967, pp. 171). 

37. R. G. Leisure and D. I. Bolef, Rev. Sci, Instr,, 39 , 1968, pp. 199. 



38. 


129 

W, D. Smith and R. K. Sundfors, Rev, Sci. Instr., kl , 19T0> PP* 288 

39. R. H. Bube and H. E, MacDonald, Phys. Rev., 121 , Mo. 2, 19^1 » pp. 

U73 . 

UO, R. Truell and W. Oates, J. Aeons. Soc . Am,, 35 , 19^3, pp. 1382. 

tl. Ri H. Parmenter, Phys. Rev., 89 ? No. 1953? pp. 990. 

i+2. G. Weinreich and H. G. White, Phys. Rev., 106 , Wo. 5? 1957? PP* 

IlOU . 

h3. G. Weinreich, Phys. Rev., 107 , Wo. 1, 1957, Pp. 317. 

44. P. D. Southgate and H. N. Spector, J. Appl. Phys., Wo. 12, 19^5 

pp. 3728. 

45. H. W. Spector, Solid State Physics, 19 , I966, pp, 29I- 

46. J, G. Miller, Joseph S.Heyman, D. E. Yuhas, A. W. Weiss, Proc . of 

Am. Institute of Ultrasound in Medicine, Seattle, Wash. 

Oct. 1974. 



